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ABSTRACT 
Tavleen K. Kochar: Development and Characterization of Ambient Ionization/Separation 
Techniques Combined with Mass Spectrometry for Improved Analyte Detection 
(Under the direction of Gary L. Glish) 
Mass spectrometry (MS) allows for the rapid detection of a wide variety of analytes 
from complex mixtures, but the sensitivity and selectivity of analysis are often contingent upon 
the effectiveness of sample preparation and separation techniques. Ambient ionization is a 
class of ionization techniques that require minimal to no sample preparation and allow for 
samples to be analyzed under open-air conditions. The majority of ambient ionization 
techniques utilize electrospray ionization (ESI) to transfer analytes from the solution phase to 
the gas phase. Pre-ionization separation techniques such as chromatography are often coupled 
to ESI-MS to improve sensitivity, but these separations require extensive sample preparation 
and long run times to achieve high separation efficiency. Post-ionization separation techniques 
such as differential ion mobility spectrometry (DIMS) provide a means of separating analytes 
in complex samples on a much shorter time scale under ambient pressures. The work in this 
dissertation focuses on utilizing ambient ionization and post-ionization separation techniques 
coupled to mass spectrometry to improve detection of analytes found in a variety of 
complex mixtures.  
An in-situ derivatization reaction was achieved in the microdroplets generated through 
nano-electrospray ionization (nESI) where Girard’s reagents selectively reacted with harmful 
carbonyl compounds present in e-cigarette liquids. The derivatization reaction provides a 
iii 
permanent positive charge to the analyte, thus significantly enhancing MS detection 
of carbonyls in e-liquids with up to 25 times increase in signal-to-noise ratio compared to 
direct infusion nESI. 
The analysis of poly- and perfluoroalkyl substances (PFAS) was examined by ESI, 
nESI, and paper spray (PS) ionization. Signal intensity of specific ion types observed by ESI 
for GenX, an emerging PFAS molecule, was shown to significantly improve in the presence 
of lithium cations or in the presence of organic bases. The signal intensity of PFOS by PS 
ionization increased 12-fold when the analyte solution contained cesium chloride prior to 
loading onto the paper substrate.  
An ESI-DIMS-MS/MS method was developed to improve signal-to-noise of tumor-
specific peptide antigens presented by the human leukocyte antigen (HLA) system. 
Isobaric species that result from adduction of alkali metal cations inherently present in 
samples were found to transmit at distinct compensation fields with isopropyl alcohol 
doped into the DIMS carrier gas.  
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CHAPTER 1: INTRODUCTION TO AMBIENT IONIZATION AND AMBIENT 
SEPARATION TECHNIQUES COUPLED TO MASS SPECTROMETRY 
1.1. Introduction to Ambient Ionization Mass Spectrometry 
Mass spectrometry (MS) is a highly sensitive and selective analytical technique that 
rapidly measures the mass-to-charge ratio of ions present in a sample. The first step for any 
MS analysis is the conversion of target analytes from the liquid or solid phase into gas-phased 
ionized species. Factors such as pre-ionization sample preparation and compatibility with the 
mass analyzer must be considered when determining the appropriate ionization technique.1–3 
Ambient ionization is a class of ionization techniques that allows for sample analysis under 
open-air conditions with minimal to no sample preparation, therefore enabling the study of a 
wide range of sample surfaces and matrices. Among these techniques include desorption 
electrospray ionization (DESI), extractive electrospray ionization (EESI), and paper spray (PS) 
ionization. Many systems with ambient ionization mass spectrometry capabilities utilize 
electrospray ionization (ESI).4–6 Analytes such as nucleic acids, proteins, and polymers that 
have minimal volatility have been studied by ESI mass spectrometry as ESI is able to generate 
multiply charged ions allowing high mass species to be ionized without fragmentation.7–12  
The general mechanism for ESI involves transferring an analyte from the solution 
phase to the gas phase. An electrospray plume is produced in the presence of an electric field 
where a potential difference is applied between the inlet to the mass spectrometer and a metal 
capillary that contains the analyte solution. The solution becomes distorted at the capillary tip 
to form a conical meniscus referred to as the Taylor cone. Charged droplets are emitted from 
2 
the Taylor cone and the solvent is repeatedly evaporated until the Rayleigh stability limit is 
reached, at which point Coulomb fissions occur until small gas-phase ions are formed. The 
spraying process is often assisted by a coaxial gas flow to maintain stable droplet formation as 
ESI flow rates are on the scale of µL/min.13–17 Nano-electrospray ionization (nESI) undergoes 
the same ionization mechanism as ESI with lower flow rates (nL/min) and smaller initial 
droplets. The nESI source often demonstrates higher ionization efficiency than ESI as the 
initial droplets are already near the Rayleigh stability limit and can generate spray after very 
little solvent evaporates.18–21   
1.2. Coupling Ambient Separation Techniques to MS 
A major advantage that ESI offers is the ability to interface the ion source with pre-
ionization separation techniques, particularly liquid chromatography (LC), thus combining the 
separation efficiency of chromatography with the selectivity of mass spectrometry for sensitive 
detection and quantification of trace compounds in complex matrices.22–24 However, LC 
methods can require extensive sample preparation to obtain purified samples. Many procedures 
utilized for LC sample preparation, such as liquid-liquid extractions and solid phase extraction, 
yield low recovery of the analyte and therefore are prone to false negatives in trace analysis.25,26 
Additionally, separation times require tens of minutes to hours to achieve satisfactory 
resolution between peaks and provide sufficient time for column re-equilibration following 
gradient elution, thus LC is still limited for high-throughput analysis of complex mixtures.27 
The use of certain ion mobility spectrometry (IMS) techniques can provide a means of 
handling complex samples by selectively transmitting the analytes of interest with less 
background ions through a post-ionization separation on a millisecond timescale.27,28 
Differential ion mobility spectrometry (DIMS) is one implementation of an IMS technique, 
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where ions are carried through two parallel electrodes with a carrier gas. During separation, an 
asymmetric waveform alternating between high and low electric fields of opposite polarity is 
applied to the two planar electrodes placed in front of the mass spectrometer inlet. The ions 
are separated based on their differences in high (KH) and low (KL) electric field mobilities.29 
The peak amplitude of the asymmetric waveform (V0-P) is the dispersion voltage that is used 
to create the dispersion field (ED) between the two electrodes. A dc compensation voltage can 
be applied to one of the electrodes to create a compensation field between the electrodes (EC) 
(Figure 1.1). The compensation voltage is used to adjust the trajectory of the ions, allowing 
ions with a specific differential mobility to enter the mass spectrometer. By utilizing a linear 
ramp of the compensation voltage, ions can be transmitted into the mass spectrometer with 
successive differential mobilities. The lower mobility ions transmit before high mobility ions 
to create a separation of ions in space, which contrasts LC separations that occur in time. 
Alternatively, a specific EC can be set to transmit a particular ion with a unique differential ion 
mobility to create a continuous ion beam passing to the mass spectrometer.30,31 
Figure 1.1. Mechanism of differential ion mobility spectrometry (DIMS) separation (a). When utilizing a linear 
ramp of compensation voltages, ion intensities measured during a DIMS experiment are plotted against the 
applied compensation field (EC) (b). 
B A 
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A key advantage of coupling DIMS to MS rather than direct infusion ESI-MS is its 
ability to separate isobaric and isomeric species.32 DIMS separates ions based on their 
differential mobilities prior to mass analysis so two compounds with the same nominal mass 
may migrate through the dispersion field at different applied compensation voltages. Because 
DIMS separations are based on differential mobilities in electric fields and not chemical 
interactions with a stationary phase, collection of data over the separation space is significantly 
faster for complex samples. Additionally for targeted analysis, the separation can be completed 
even faster because the voltages generating the electric field can be stepped at set intervals to 
detect only the analytes of interest in the sample as opposed to chromatography techniques in 
which all the analytes, whether of interest or not, must elute before the next sample can be 
analyzed.27,33  
Solvent modifiers (dopants) can be added into the DIMS carrier gas for improved 
separations prior to mass analysis by utilizing ion-molecule interactions during transit through 
the DIMS electrodes. In the presence of a solvent modifier, the differential ion mobility of the 
analyte may shift in the high and low electric fields which can lead to an increase in the 
separation.34,35 This is somewhat analogous to performing a gradient elution for LC, but can 
be done on a much shorter time scale and to optimize the separation.36 During the low field 
portion of the waveform, the ion kinetic energy is less than the ion-dipole interaction energy 
allowing for clustering of the neutral dopant molecules with analyte ions, changing the low 
electric field mobility. During the high field portion of the waveform, the ion kinetic energy 
increases causing declustering via collisions between the cluster and the carrier gas.28 Solvent 
modifiers can be particularly useful when isobaric or isomeric species cannot be separated by 
DIMS alone. By manipulating the dopant, isobaric species, structural isomers, and other 
species can be distinguished.37    
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1.3. Addressing the Challenges in Analyte Detection with Ambient Analysis MS 
1.3.1. Carbonyl Compounds 
One application that commonly utilizes chromatographic techniques coupled to mass 
spectrometry is the study of small carbonyl compounds.38,39 Many carbonyl compounds are 
frequently found as flavorings in food products and can be produced naturally from raw 
materials or added specifically by manufacturers.40 While some carbonyl compounds are safe 
for ingestion, a number of toxic carbonyl species have been identified as the source of indoor 
air pollution when released through cigarette smoke or oil combustion.40,41 In recent years, it 
has been shown that many food flavoring carbonyl compounds are being added into the 
liquid in electronic cigarettes that is vaporized by users to deliver an aerosol.  
As many toxic carbonyl compounds are low molecular weight gases and thus difficult 
to measure directly, a common method used for detection and quantification of these species 
involves derivatization of the aldehyde or ketone in conjunction with chromatographic 
separation.40 A common derivatizing reagent that is used extensively for carbonyl compound 
analysis is 2-4-dinitrophenylhydrazine (DNPH). By derivatizing with DNPH, the low 
molecular weight compounds form less volatile hydrazones that can be easily analyzed by 
LC-UV or LC-MS.42,43 Derivatization reactions, such as the one above, have been 
integral for chemical analysis of samples by MS that would be very difficult otherwise.44 
Molecules that do not readily ionize are generally not detected by MS; however, 
specific derivatization reactions can be utilized to add a permanent charge to the analyte, 
thus allowing for sensitive detection by MS analysis.45,46 Typically, a derivatization reaction 
is run for hours at elevated temperatures to efficiently convert analyte into detectable 
products.47 Previous work has demonstrated that organic reactions can be completed on a 
microsecond timescale by doing the reaction on-line in a microdroplet (Figure 1.2).48–52  
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Figure 1.2. Schematic of a chemical reaction occurring in the microdroplet generated from nESI 
Microdroplets are formed during spray ionization processes such as nano-electrospray 
ionization (nESI).52 The initial droplet size for nESI is anywhere between 10-1000 times 
smaller in diameter than ESI.53–55 The small droplet size created with nESI increases the 
probability of reactants interacting in the droplet. As the solvent from the charged droplet 
continues to evaporate, the surface area to volume ratio increases, which in turn increases the 
concentration of the reactants in the droplet and accelerates the rate of formation of the 
products prior to mass analysis.48  
The work in this dissertation investigates simultaneous derivatization and analysis of 
harmful carbonyl compounds in e-cigarette liquids (e-liquids) using nESI-MS. E-liquids are 
comprised of a propylene glycol (PG) and vegetable glycerin (VG) base containing nicotine, 
flavorings, and other additives. In January 2014, there were over 7700 unique “flavors” 
distributed across 466 vendors.56,57 By 2018, the popularity of e-cigarettes among 
adolescents had increased dramatically, with over 60% vaping only non-tobacco flavorings.58–61 
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 With thousands of flavoring combinations in existence, it is necessary to develop sensitive and 
high-throughput techniques that will allow for rapid analysis of e-liquid constituents. 
The development and characterization of an in-situ derivatization method using nESI-MS 
for improved detection of these harmful carbonyl compounds is presented in     
Chapter 3: In-situ Derivatization of Harmful Carbonyl Compounds in E-Cigarette 
Liquids During Nano-Electrospray Ionization Mass Spectrometry.
1.3.2.   Poly- and Per-fluoroalkyl Substances
Poly- and per-fluoroalkyl substances (PFAS) are a class of manmade fluorinated 
organic compounds that have circulated throughout the United States since the mid-1900s and 
are major contaminants in drinking water. In 2018, it was estimated that there may be 
anywhere from 5,000 to 10,000 chemicals within the PFAS family. Given the high bond 
strength between carbon and fluorine atoms, PFAS chemicals degrade very slowly and 
persist for long periods of time in the environment as well as the human body, thus earning 
them their nickname as “forever chemicals”. As manufacturers began to replace the two 
most common PFAS chemicals – perfluorooctanoic acid (PFOA) and 
perfluorooctanesulfonic acid (PFOS) – with different fluorinated compounds such as 
perfluoro-2-propoxypropanoic acid (GenX), it is unclear whether the next-generation 
PFAS chemicals are safer for the human health and environment. With so much 
structural complexity in emerging PFAS, it is imperative to develop rapid and selective 
analysis methods. Identification and structural elucidation of evolving compounds found in 
our drinking water samples will enable agencies to perform specific toxicity 
assessments to evaluate the risks in being exposed to these emerging chemicals.  
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Current methods for total organofluorine analyses include combustion ion 
chromatography methods, particle-induced gamma ray emission (PIGE), 19F nuclear magnetic 
resonance spectroscopy (NMR), and total oxidizable precursor (TOP) assays. Targeted 
analyses of PFAS use liquid chromatography (LC) coupled with either high resolution mass 
spectrometry (HRMS) or tandem mass spectrometry (MS/MS).25,62 In addition to the low 
selectivity and inclusivity of traditional detection methods for PFAS, utilizing equipment such 
LC can be very expensive and time-consuming. The cost and time for sample preparation, the 
column itself, and the solvents all play a factor into the overall expense of analysis.  
Paper spray (PS) ionization is an example of an ambient ionization technique that can 
be used to analyze crude field samples by spotting onto the paper directly prior to analysis 
(Figure 1.3).63 The sample is spotted onto a porous paper substrate which is cut to a sharp 
point. The paper is positioned in front of the MS inlet and a solvent is added to wet the paper 
and dissolve the analyte. Upon application of a high voltage to the paper, analytes are ionized 
in an ESI-like mechanism and detected by the MS.  
Figure 1.3. Sampling analysis using paper spray ionization coupled to mass spectrometry. 
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PS ionization is advantageous in that the cost of sample preparation is about the cost 
of a paper cartridge.  There is minimal labor and solvent consumption when ionizing with 
paper spray. Lastly, because there is minimal sample preparation, crude samples can be 
obtained from the field directly and spotted onto the paper minimizing sample 
transportation and shipping costs. The applicability of PS ionization for PFAS analysis 
is examined and compared to traditional ESI and nESI techniques in Chapter 4: A 
Comparison of Electrospray Ionization, Nano-Electrospray Ionization, and Paper Spray 
Ionization for the Analysis of Polyfluoroalkyl Substances. 
Upon investigating the effects of metal cationization on PFAS analysis, it was found 
that GenX had a very high affinity for metal cations with ESI that resulted in the formation of 
metal cationized dimers and trimers. As LC-MS is still the most widely used technique for 
targeted PFAS analysis, we evaluated the effects of introducing alkali metal cations through a 
post-column infusion. Using density functional theory (DFT) calculations, the Gibbs free 
energy of formation (∆Gformation) was determined for a GenX dimer coordinating to different 
cations. With PS ionization, there was an increase in PFAS intensity when alkali metal 
cations were introduced with the spotted sample. The addition of alkali metal cations in 
PFAS samples was examined under different PS conditions to determine the optimal 
parameters for PFAS analysis by PS ionization. This work is discussed in Chapter 5: 
Understanding the Effects of Metal Cations on Polyfluoroalkyl Substances Analysis by 
Electrospray Ionization and Paper Spray Ionization.
1.3.3. Immunopeptides 
Immunotherapy is a promising anti-cancer treatment when specific targets are known 
and available. As tumor-specific peptides are presented by the major histocompatibility 
complexes (MHC), T-cell therapies can be utilized to remove existing T-cells and reinfuse
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genetically modified T-cells that will recognize the immunopeptide and destroy the cancer cell 
that contains the foreign protein. Sequences of tumor-specific peptide antigens are generally 
predicted through genomic sequencing data and confirmed by mass spectrometry. Algorithms 
for predicting sequences of tumor-specific peptide epitopes that arise from mutated genes, 
known as neoantigens, have improved over the years by incorporating somatic mutations, 
proteasome splicing, noncoding RNA, and post-translational modified antigens. However, the 
majority of neoantigens in tumors are patient-specific rather than shared between patients. As 
such, mass spectrometric methods must continually improve to accurately identify and confirm 
any predicted sequences presented by patients so that therapeutic vaccinations can be 
developed.64–67 
Identification of immunopeptides by mass spectrometry presents a unique 
challenge compared to traditional proteomics as the peptides do not necessarily contain a 
basic residue (Lys or Arg). With the lack of a basic residue, about 30% of immunopeptides 
will be detected as singly charged [M+H]+ ions rather than multiply charged species as 
observed with standard LC-ESI-MS/MS approaches.68 These singly charged species 
undergo less comprehensive dissociation with CID resulting in incomplete sequence 
information. Methods are currently being developed to utilize and characterize ESI-DIMS-
MS/MS as a platform for identifying and sequencing immunopeptides as this approach has 
shown improved detection of doubly charged species, with the doubly charged species easily 
separating from the singly charged species.69 Solvent modifiers doped into the carrier gas 
are explored to determine if there is an enhancement in DIMS separation of doubly charged 
species and isobaric species in Chapter 6 Utilizing Differential Ion Mobility-Mass 
Spectrometry for Improved Immunopeptide Detection.  
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1.4. Summary 
Ambient ionization mass spectrometry is a set of useful techniques that allows for rapid 
analysis of analytes from a wide range of samples by eliminating laborious sample preparation 
procedures while still maintaining the sensitivity and selectivity of MS. Chromatographic 
methods such as LC are commonly coupled to MS to improve analyte detection from complex 
samples, but extensive sample preparation and long run times prior to analysis make pre-
ionization separations incompatible for high-throughput analysis and ambient ionization 
techniques. Post-ionization separation techniques, such as differential ion mobility 
spectrometry, are amenable to ambient ionization as the separation is done in the gas-phase. 
Additionally, DIMS can improve analyte detection from complex samples by functioning as a 
constant-transmission filter to remove interferents prior to mass analysis. This dissertation 
describes the developments and characterizations of ambient analysis mass spectrometric 
techniques applied to different classes of compounds to improve upon analyte detection. 
Chapter 2 provides the experimental methods used in subsequent chapters. The 
reagents and relevant instrumentation utilized throughout are also discussed. 
Chapter 3 discusses in-situ derivatization and analysis of harmful carbonyl compounds 
in e-cigarette liquids using nano-electrospray ionization coupled to mass spectrometry. The 
method is utilized for direct qualitative and quantitative analysis of harmful carbonyl 
flavorings in various e-liquids. The derivatization kinetics are studied in the generated 
microdroplets and compared to bulk solution reactions.  
Chapter 4 presents the use of paper spray ionization for the analysis of poly- and per-
fluoroalkyl substances. Electrospray ionization and PS ionization processes are compared to 
understand the benefits and drawbacks of each technique for PFAS analysis. 
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Chapter 5 discusses the effects alkali metal cations on PFAS analysis by ESI and PS 
ionization. DFT calculations are performed to further understand the metal cation affinity of 
the PFAS molecule GenX.  
Chapter 6 presents the use of ESI-DIMS-MS to improve detection of immunopeptides 
that lack basic residues. The effects of solvent modifiers doped into the carrier gas are 
evaluated in the context of separating isomeric and isobaric species present in a complex 
mixture. 
Chapter 7 summarizes the improvements in analyte detection presented in each 
chapter and outlines potential future directions related to this work. 
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CHAPTER 2: EXPERIMENTAL METHODS AND MATERIALS 
2.1. Materials 
All solvents used in this work were purchased from Thermo Fischer Scientific 
(Hampton, NH) at a purity grade of Optima® unless otherwise noted. These solvents include 
water (H2O), methanol (MeOH), acetonitrile (ACN), dichloromethane (DCM), 2-propanol 
(IPA), 1-butanol (n-butanol), and tert-butanol (HPLC grade). Acid additives for the 
electrospray solvent include acetic acid (HOAc) and formic acid (FA).  
Flavored and unflavored e-liquids (nicotine-free) were obtained from The Vapor Girl 
Inc. (Chapel Hill, NC, USA). Girard’s reagent T, benzaldehyde, and acetoin were purchased 
from Millipore Sigma (St. Louis, MO). Girard’s reagent P was purchased from Toronto 
Research Chemicals (North York, ON, Canada). Standards of 2,3-butanedione (diacetyl),(E)- 
3-phenylprop-2-enal (cinnamaldehyde), and 4-hydroxy-3-methoxybenzaldehyde (vanillin)
were purchased from Acros Organics (Fair Lawn, NJ).  Internal standards (IS) of 2,3-
butanedione-d6 (diacetyl-d6) and benzaldehyde-2,3,4,5,6-d5 (benzaldehyde-d5) were purchased 
from C/D/N Isotopes (Point-Claire, QC, Canada). IS of (E)-3-(2-methoxyphenyl)-prop-2-enal 
(2-methoxycinnamaldehyde), and 4-hydroxy-3-methoxy-d3 benzaldehyde (vanillin-d3) were 
purchased from Millipore Sigma (St. Louis, MO). L-ascorbic acid (L-AA) and 2,6-
dichloroindophenol (DCIP) used for microdroplet kinetics studies were purchased from 
Fisher Scientific (Hampton, NH).  
Poly- and perfluoroalkyl substances (PFAS) standards of perfluorooctanoic acid 
(PFOA), perfluorohexanoic acid (PFHxA), and perfluorooctanesulfonic acid  potassium
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salt (PFOS) were purchased from Millipore Sigma (St. Louis, MO). Perfluoro-2-
propoxypropanoic acid (GenX) was purchased from Alfa Aesar (Haverhill, MA). Alkali metal 
additives of lithium acetate dihydrate, lithium hydroxide monohydrate, potassium 
acetate, and cesium chloride were purchased from Millipore Sigma (St. Louis, MO). Sodium 
acetate and sodium hydroxide were purchased from Fisher Scientific (Hampton, NH). 
Organic base additives (ACS grade) of triethylamine (TEA), trimethylamine (TMA), 
pyridine, and piperidine were purchased from Millipore Sigma (St. Louis, MO).  
Predicted antigenic peptide sequences were purchased from New England Peptide 
(Gardner, MA). Dulbecco’s phosphate buffered saline (DPBS, Fisher Scientific), Triton X-100 
(Millipore Sigma), ethylenediaminetetraacetic acid (EDTA, Fisher Scientific), Halt Protease 
Inhibitor (Fisher Scientific), leupeptin (R&D Systems) and phenylmethylsulfonyl fluoride 
(PMSF, Millipore Sigma) were used for the protocol to isolate human leukocyte antigen  (HLA) 
peptides.  
2.2. Sample Preparation 
2.2.1. E-liquid Samples 
All solutions were prepared in MeOH:H2O:HOAc (70:30:1, v/v/v). Each e-liquid was 
diluted by 1000x and mixed with GirT or GirP. Standard solutions of each flavoring were 
mixed with different concentrations of GirT or GirP and spiked into nicotine-free Vapor Girl 
base of PG/VG to give final concentrations of 50 µM for diacetyl and acetoin, and 20 µM for 
benzaldehyde, cinnamaldehyde, and vanillin. The identity of the derivatized product was 
confirmed using collision-induced dissociation (CID).  
2.2.2. Calibration and Standard Addition Plots 
 A five-point calibration plot was created for each standard spiked into Vapor Girl 
PG/VG base with concentrations ranging from 1 to 100 µM. An IS was added at 50 µM into
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the solution to account for any fluctuation in signal response during analysis. An IS of 
diacetyl-d6 was used for diacetyl and acetoin. An IS of 2-methoxycinnamaldehyde 
was used for cinnamaldehyde, benzaldehyde-d5 for benzaldehyde, and vanillin-(methoxy-
d3) for vanillin. The peak areas were determined for the most intense product ions observed 
from CID of both the analyte and IS. Signal intensities were measured by summing the 
peak area (± 0.5 m/z) from the centroid of the peak measured as the average of 
approximately 50 MS scans. The ratio of peak area for analyte to IS was plotted against 
various analyte concentrations to give a calibration curve.   
For quantification by standard addition, a five-point standard addition plot was created 
by spiking vanillin standard into the e-liquid at concentrations ranging from 0 to 100 µM. 
Cinnamaldehyde was quantified using a five-point standard addition plot by spiking in 
cinnamaldehyde standard into the e-liquid at concentrations ranging from 0 to 75 µM. IS of 
vanillin-d3 and 2-methoxycinnamaldehdye were added at 50 µM for quantification of vanillin 
and cinnamaldehyde, respectively. All experiments used GirP added in excess.   
2.2.3.    Derivatization Kinetics Studies  
The overall flow rate in the nESI emitter was obtained by measuring the time for a 
known volume of solvent to electrospray in its entirety. Microdroplet lifetime was determined 
through the reduction of 1 µM DCIP by 100 µM of L-AA. The relative abundances and relative 
ionization efficiency for the oxidized and reduced species of DCIP were determined from the 
mass spectrum and used in the first-order integrated rate law.1 For derivatization in bulk 
solution, 10 µM of cinnamaldehyde and 30 µM of GirP were spiked into the Vapor Girl PG/
VG base and refluxed at 40˚C for four hours in MeOH:H2O:HOAc (70:30:1, v/v/v). 
Aliquots were taken at various time points and the amount of derivatized 
cinnamaldehyde was separated from unreacted GirP via LC-MS.
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2.2.4. Poly- and Perfluoroalkyl Substances 
PFAS standards at a concentration of 1 μg/mL were made in 80:20 ACN:H2O (v/v). 
When examining the effects of metal cationization, salts of lithium acetate, sodium acetate, 
potassium acetate, or cesium chloride were added at a concentration of 100 μM to 1 μg/mL 
PFAS standard solutions. The effects of basicity were determined by preparing PFAS standards 
in 80:20:0.1 ACN:H2O:base (v/v/v). For post-column infusion experiments, solutions of 
sodium acetate, sodium hydroxide, lithium acetate, and lithium hydroxide were made at a final 
concentration of 10 mM in 80:20 ACN:H2O (v/v). 
2.2.5. HLA Peptides 
Peptide standards were diluted to 1 μM in 60:40:0.1 MeOH:H2O:FA. Peptide epitopes 
presented by HLA-A*02:01 were isolated using an established protocol with some 
modifications.2 Five hundred million K562.A2 cells were washed 3 times in DPBS and lysed 
in 50 mL of ice-cold IP-lysis buffer, comprised of: 1x DPBS, 1% Triton X-100, 5 mM EDTA, 
1x Halt Protease Inhibitor, 1 mg/mL leupeptin and 1 mM PMSF. The lysate was incubated on 
ice for an hour and vortexed every 15 minutes, then cleared by centrifugation for 30 minutes 
at 3000 x g at 4°C.  The protein concentration of the supernatant was measured using the 
Coomassie Plus Bradford Protein Assay (Thermo Fisher Scientific).  The cleared lysate was 
incubated on a rotator overnight at 4°C with 2 g of HLA-A*02-specific BB7.2 Ab (BioLegend) 
per mg of lysate protein, followed by a 4 hour incubation with Protein A/G Ultralink Resin 
(Thermo Fisher Scientific).  After washing 3 times with DPBS, the resin was transferred to a 
2 mL centrifuge column (Pierce, Thermo Fisher Scientific).  HLA-A*02:01-peptide complexes 
were eluted by gravity flow using ice-cold 0.1N acetic acid (Thermo Fisher Scientific) in 5 
fractions, each equal to a column volume.  The fraction containing eluted proteins was 
determined using the Bradford Assay, and glacial acetic acid was added to 10% of the final 
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volume of this fraction to separate the peptides from HLA-A*02:01.  The sample was filtered 
through a 10 kDa regenerated cellulose filter (Amicon, EMD Millipore) to separate the 
peptides from larger proteins and stored at -80°C until analysis.  
2.3. Mass Spectrometry 
A HCTultra quadrupole ion trap mass spectrometer (Bruker, Billerica, MA) was 
employed for all electrospray (ESI) and nano-ESI (nESI) techniques. PFAS analysis with ESI 
was also examined on the LTQ linear ion trap mass spectrometer (Thermo Scientific, Waltham, 
MA), PESciex 3000 — Triple Quad (Sciex, Framingham, MA), and the Q Exactive HF-X 
(Thermo Scientific, Waltham, MA). Paper spray (PS) ionization was done on both the 
HCTultra quadrupole ion trap mass spectrometer and the LTQ linear ion trap mass 
spectrometer. 
Direct infusion ESI experiments utilized a syringe pump (Harvard Apparatus) with a 
flow rate of 2 µL/min unless otherwise noted. Nitrogen was used for the nebulizing gas and 
the heated drying gas. The drying gas was set to 300˚C at a flow rate of 5 L/min and the 
nebulizing gas pressure was typically set to 15 psi. For direct infusion nESI, the drying gas 
was set to 300˚C at a flow rate of 0.5 L/min. Approximately 20 µL of solution was placed in a 
borosilicate glass capillary (Kimax no. 34502, Kimble, Vineland, NJ, USA) that was pulled to 
a point using a heated capillary puller (Narishige PC-10 Dual Stage Glass Micropipette Puller). 
The pulled glass capillary was used as the sprayer for a custom-built nESI source. A grounded 
stainless-steel wire was placed inside each emitter to provide electrical contact to the sample. 
All tandem mass spectrometry (MS/MS) experiments were performed using collision-induced 
dissociation with a 40 ms activation time and low-mass cutoff of 27% of precursor m/z.  
For PS ionization, 10 μL of the PFAS sample was spotted onto a paper spray cartridge 
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and ionized using either a custom-built PS source (HCTultra) or a Prosolia Velox 360 paper 
spray source (LTQ linear ion trap). After the loaded sample was dried, 100 µL of spray solvent 
was applied, which comprised of either 80:20 ACN:H2O (v/v) or 80:10:10 ACN:H2O:DCM 
(v/v/v).  
2.4. Gas Chromatography 
Standard addition samples were injected into a Bruker Scion 456 GC coupled to a 
Bruker Scion TQ Triple Quad Mass Analyzer (Bruker, Billerica, MA, USA) using an Agilent 
DB-5MS capillary column (30 m, 0.25 mm ID, 0.25 µM film; Agilent Technologies, Santa 
Clara, CA). A 25:1 split injection (2 µL) was performed using a Bruker CP-8400 autosampler. 
The injection port was held at 275˚C. The GC oven was programmed to hold the temperature 
at 60°C for 1 min, ramp to 250°C at a rate of 20°C/min, and hold at 250°C for 2 min. The 
transfer line and electron ionization source were held at 250°C throughout the analysis. The 
analyte and internal standard peaks were integrated, and a peak area ratio was plotted against 
the concentration spiked into the e-liquid for each point on the standard addition plot. 
2.5. Liquid Chromatography  
An Agilent 1260 Infinity II HPLC with a C18 column (Agilent Poroshell 120 EC-C18 
4.6 mm × 100 mm, 2.7 µm dp) was coupled to the Bruker HCTultra ion trap mass spectrometer. 
Mobile phase A was water (Optima grade) and mobile phase B was acetonitrile (Optima 
grade), both containing 0.1% formic acid. 
2.5.1. Separation of Derivatized and Underivatized Cinnamaldehyde 
The flow rate was 500 µL/min, the column temperature was 25 ˚C, and the injection 
volume was 5 µL. A gradient from 10% to 60% B over 10 minutes was used for elution 
followed by 5 minutes of isocratic focusing at 60% B. The derivatized cinnamaldehyde and 
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GirP chromatographic peaks were integrated, and the peak area ratio was plotted against the 
time point for each aliquot.  
2.5.2. Separation and Post-Column Infusion Setup for PFAS Analysis 
The column temperature was held at 30˚ and the injection volume was 5 µL. The 
gradient elution program is provided in Table 2.1. A flow rate of 750 µL/min was split using 
a tee union to direct approximately 200 µL/min to the mass spectrometer. A second tee union 
was used to introduce the metal cation solution with a syringe pump (Figure 2.1). Flow rates 
of 1 µL/min, 2 µL/min, 4 µL/min, or 6 µL/min were tested to infuse the metal cation solution 
with the eluate prior to entering the electrospray emitter. Post-column infusion of the solvent 
blank (80:20 ACN:H2O v/v) was used as the control experiment. 
Table 2.1. LC gradient elution program used for separation of PFAS mixture 
Time (min) Mobile phase A (%) Mobile phase B (%) 
0.00 72.0 28.0 
3.00 10.0 90.0 
4.00 10.0 90.0 
4.10 0.0 100.0 
5.10 0.0 100.0 
5.20 72.0 28.0 
8.00 72.0 28.0 
26 
Figure 2.1. Setup for post-column infusion experiments. The eluate from the C18 column enters the first tee 
union (T1), where the solution is split to allow some to go to waste. The remaining eluate enters a second tee 
union (T2) and a syringe pump introduces the solution of interest into the tee. The combined mixture then 
proceeds to the electrospray emitter (ESI source). 
2.6. Scanning Electron Microscopy Imaging 
A Hitachi S-4700 Cold Cathode Field Emission Scanning Electron Microscope was 
used for imaging the pulled borosilicate glass capillaries used for nESI. The capillaries were 
sputter coated with 10 nm of gold-palladium alloy prior to imaging using a Cressington 108 
Auto. Five different capillaries pulled under the same conditions were imaged. 
2.7. Differential Ion Mobility Spectrometry (DIMS) 
A custom-built planar differential ion mobility device was interfaced to the transfer 
capillary of the Bruker HCTultra mass spectrometer. A schematic of the DIMS is shown in 
Figure 2.2. The planar stainless-steel electrodes (4 mm wide x 10 mm long) are separated by 
a 0.3 mm gap. A custom-built power supply was used to apply an asymmetric bisinusoidal 
waveform to the electrodes. The heated nitrogen drying gas used to desolvate electrospray 
droplets are the primary component of the DIMS carrier gas. Solvent modifiers were used to 
modify the carrier gas by using a tee union to introduce solvent at a specified flow rate with a 
syringe pump into the nitrogen drying gas, which was done prior to the drying gas heater block 
(Figure 2.3). The solvent modifier concentrations were calculated by percent volume assuming 
27 
ideal gas behavior. The DIMS was controlled using a LabVIEW program interfaced to the 
instrument control software.  
Figure 2.2. Schematic of custom-built differential ion mobility spectrometer (0.3 mm gap size, electrode width 
of 4 mm and length of 10.0 mm) 
Figure 2.3. Schematic of DIMS experimental setup with the addition of solvent modifiers 
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2.8. Density Functional Theory Calculations 
Density functional theory calculations were performed with the Gaussian 09 program 
system using the Becke three parameter formulation with the Lee-Yang-Parr correlation 
(B3LYP) density functional theory method.3–5 The basis sets used were either B3LYP/3-21G6 
or B3LYP/6-31G+(d,p)7 as specified. The symmetry was ignored for all calculations that 
contained more than one atom. For calculations performed in solution, the polarizable 
continuum model (PCM) was used with water as an implicit solvent.8,9  
Structures generated for deprotonated PFOA, deprotonated GenX, and deprotonated 
PFHxA were first optimized in solution phase at the B3LYP/3-21G level of theory, which 
resulted in a stationary point geometry. The monomer species were then optimized and 
vibrational calculations were performed with B3LYP/6-31G+(d,p) level of theory in solution. 
For each PFAS structure, a second optimized deprotonated monomer species was then added 
with the oxygens on the carboxylates of each monomer facing towards each other. The 
dimerized structures were cationized by placing a single proton, lithium cation, or sodium 
cation to different locations around all oxygen atoms. The structures were again optimized 
using 3-21G level of theory in the solution phase. The two lowest energy optimized structures 
for each unique dimer ion type were then optimized and vibrational calculations were 
performed with 6-31G+(d,p) level of theory in solution. These solution phase structures 
previously optimized at the 6-31G+(d,p) level of theory were again optimized and vibrational 
calculations performed at the 6-31G+(d,p) level of theory in the gas phase to computationally 
model the electrospray process. To calculate the Gibbs free energy of dimer formation 
(∆Gformation), vibrational calculations on the individual cations were also performed with 
6-31G+(d,p) level of theory in both solution phase and gas phase.
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For the observed and theoretical product ions generated from CID of the GenX sodiated 
dimer [2M-2H+Na]-, two species are formed: a negatively charged species and a neutral loss 
molecule. The starting structures for each product were made from the parent ion structure 
that had been previously optimized at the 6-31G+(d,p) level of theory in the gas phase. The 
starting product structures were then optimized and vibrational calculations were performed 
with 6-31G+(d,p) level of theory in the gas phase to determine the individual Gibbs free 
energy for each species. The energies from the two species that were hypothesized to result 
from CID of the parent ion were then summed and compared to the Gibbs free energy of the 
parent ion. 
The free energy difference between gas phase and solution phase (∆G!→#) was 
determined for different organic bases interacting with a sodium cation during the 
electrospray process. The four nitrogen-containing bases (TEA, TMA, pyridine, and 
piperidine) were optimized in solution phase at the 3-21G level of theory, followed by 
optimization and vibrational calculations performed at the 6-31G+(d,p) level of theory in 
solution. A sodium cation was then placed in different locations around the nitrogen atom for 
each base, which were optimized and vibrational calculations performed at the 6-31G+(d,p) 
level of theory in solution. The two lowest energy structures were subsequently optimized 
and vibrational calculations performed at the 6-31G+(d,p) level of theory in the gas phase.  
2.9. Peptide Dissociation Nomenclature 
The Biemann notation is used in this work as the product ion nomenclature for cleavage 
of protonated peptides along the peptide backbone (Figure 2.4).10 ,11 Fragmentation of peptides 
by CID typically results in the dissociation of the amide C–N bond where two main ion types 
are observed: b-type ions where the charge is retained on the N-terminal fragment and y-type 
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ions where the charge is retained on the C-terminal fragment. A number after the sequence ion 
type denotes the amino acid residue where the fragmentation occurred counting from the 
relevant terminal.  
Figure 2.4. Biemann nomenclature for peptide ion dissociation 
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CHAPTER 3: IN-SITU DERIVATIZATION OF HARMFUL CARBONYL COMPOUNDS 
IN E-CIGARETTE LIQUIDS DURING NANO-ELECTROSPRAY IONIZATION-MASS 
SPECTROMETRY 
3.1. Strategy for Derivatizing Carbonyl Compounds in E-liquids 
Mass spectrometry (MS) offers high sensitivity and selectivity for detecting ions, but 
the ionization efficiencies of underivatized ketones and aldehydes are generally low with 
electrospray ionization (ESI) given that they are neutral functional groups. To overcome this 
drawback, numerous studies have utilized 2,4-dinitrophenyl hydrazine (DNPH) to derivatize 
carbonyl compounds prior to analysis. DNPH hydrazones have increased ionization efficiency 
for ESI-MS analysis compared to the underivatized carbonyl given that an ionizable moiety is 
introduced where the analyte can deprotonate to form [M-H]-. However, the derivatized 
carbonyl is not permanently charged and as such MS detection is subject to the DNPH 
hydrazone losing a proton during the ESI process.1–5 Girard’s reagent T (GirT) and Girard’s 
reagent P (GirP) are permanently charged derivatizing reagents that provide the analyte with a 
permanent, positive charge, offering greater enhancement of ionization efficiency compared 
to DNPH (Figure 3.1).6,7 Girard’s reagents have been utilized for derivatizing steroids, 
peptides, and oligosaccharides and have shown improved sensitivities when analyzed by ESI-
MS.8–13 However, the Girard’s derivatization reaction is known to occur slowly under bulk 
solution-phase conditions and requires several minutes to hours of incubation to generate 
product.14,15 
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Figure 3.1. Reaction scheme of a carbonyl compound derivatized with GirT (a) and GirP (b). 
Ambient ionization processes such as desorption electrospray ionization (DESI)15 and 
extractive electrospray ionization (EESI)16 have been examined as a means of accelerating 
these organic reactions and enhancing reaction rates in the generated secondary droplets. Nano-
electrospray ionization (nESI) generates microdroplets containing both the analyte and 
derivatizing reagent, allowing for direct mixing of reagents in the Taylor cone and the 
primary droplets and increasing the probability of product to form.17,18 The work in this 
chapter focuses on developing and characterizing an in-situ derivatization method with GirT 
and GirP to target and analyze harmful carbonyl compounds found in e-liquids using nESI-
MS (Figure 3.2).  
A solution of the e-liquid containing the analyte (A) of interest is mixed with 
the derivatizing reagent (R+). The sample is placed in a glass capillary pulled to a fine tip 
that functions as the sprayer for a custom-built nESI source. A stainless-steel wire is placed 
in the inside the emitter to provide electrical conductivity to the sample solution. A high 



































Figure 3.2. Setup of nESI-MS derivatization method. 
Among the flavorings added to e-liquids are diacetyl, cinnamaldehyde, benzaldehyde, 
and vanillin, all of which are carbonyl compounds safe for ingestion but have recognized 
associations with respiratory disease when inhaled.19 Diacetyl, a buttery flavoring, is 
associated with bronchiolitis obliterans, more commonly known as “popcorn lung”.20 Over the 
years, acetoin has become a more common buttery flavor substitute, but its inhalation toxicity 
is still being investigated.21–23 Exposure to cinnamaldehyde, a cinnamon flavoring, has been 
shown to compromise the functionality of immune cells in an in vitro model.24 Benzaldehyde, 
a cherry flavoring, has been found to have cytotoxic and apoptotic effects.19 Vanillin, one of 
the most common flavorings added to sweet e-liquids, has been shown to significantly alter 
airway epithelial cellular responses.25,26 All of these compounds have been detected in 
numerous e-liquids and the associated aerosol and as such were targeted for developing and 
characterizing the in-situ derivatization method detailed in this chapter.19,27  
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3.2. E-liquid Screening 
The five harmful carbonyls examined in this study have been detected in the e-liquids 
listed in Table 3.1. All compounds were derivatized in-situ with either GirT or GirP, and 
compound identities were confirmed with MS/MS. Diacetyl was not definitively detected with 
GirT due to the presence of an interfering background ion at m/z 200 in the Vapor Girl 
propylene glycol/vegetable glycerin (PG/VG) base.  
Table 3.1. E-liquids screened for carbonyl compounds when derivatized with GirT and GirP. 
E-liquid Name Compound GirT GirP 
Popcorn 
Diacetyl Î ü 
Acetoin ü ü 
Hot Cinnamon 
Candies 
Cinnamaldehyde ü ü 
Vanillin ü ü 
Black Cherry Benzaldehyde ü ü 
ü compound was detected Î compound was not detected 
Identification of cinnamaldehyde derivatized with GirT and GirP in Hot Cinnamon 
Candies e-liquid is shown as an example for e-liquid screening of carbonyl compounds (Figure 
3.3). The base peak in the mass spectrum of underivatized Hot Cinnamon Candies e-liquid is 
m/z 115, or sodiated glycerol, and minimal protonated cinnamaldehyde is observed at m/z 133 
(Figure 3.3a). When cinnamaldehyde is derivatized with GirT, m/z 246 is the base peak in the 
mass spectrum (Figure 3.3b). A loss of 59 Da from the parent ion corresponds to a loss of the 
trimethyl amine group from the derivatized carbonyl compound (Figure 3.3c). 
Cinnamaldehyde derivatized with GirP is the base peak in the mass spectrum at m/z 266 
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(Figure 3.3d). A loss of 79 Da from the parent ion corresponds to a loss of the pyridine group 
from the derivatized carbonyl compound. 
Figure 3.3. Mass spectrum of underivatized Hot Cinnamon Candies e-liquid (a), Hot Cinnamon Candies E-liquid 
derivatized with GirT [R] (b), MS/MS spectrum of m/z 246 [M+R–H2O]+ (c), Hot Cinnamon Candies E-liquid 
derivatized with GirP [R’] (d),  MS/MS spectrum of m/z 266 [M+R’–H2O]+ (e). 
3.3. Derivatization Efficiency 
To determine the amount of GirT and GirP that was needed for the reaction to complete 
in the microdroplet, the concentration of derivatizing reagent was varied while the analyte 
concentration was kept constant. The reaction was determined to be complete when the peak 
area of the derivatized analyte did not increase upon further addition of derivatizing reagent. 
The peak areas were determined at each ratio of derivatizing reagent concentration to analyte 
concentration (Figure 3.4). Addition of three times excess of GirT and two times excess GirP 
gave the greatest analyte peak area. Derivatized benzaldehyde has a maximum peak area at 








ratios of Girard’s reagents, which may indicate ion suppression at higher concentrations of 
Girard’s reagents. 
Figure 3.4. Effect of GirT (a) and GirP (b) concentrations on peak areas of derivatized analytes. 
















































































3.4. Figures of Merit 
Signal-to-noise ratios were determined for all five analytes by obtaining a mass 
spectrum of each standard spiked into the PG/VG base and then using the Bruker Daltonics 
Data Analysis software to calculate the ratio from the spectrum. The signal-to-noise ratio for 
underivatized analytes, analytes derivatized with GirT, and analytes derivatized with GirP at 
concentrations of 50 µM for diacetyl and acetoin and 20 µM for cinnamaldehyde, 
benzaldehyde, and vanillin are shown in Figure 3.5.  Derivatizing with GirT provided 
significantly higher signal-to-noise ratio than the underivatized analyte. Derivatizing with GirP 
gave the highest signal-to-noise ratio for all analytes except for diacetyl. This observation can 
be explained by the presence of the background ion at m/z 200 in the PG/VG base that interferes 
with the signal from diacetyl derivatized with GirT. Given the similarity in structures and 
ionization efficiencies, it is expected that diacetyl and acetoin would have similar signal-to-
noise ratios in the absence of interfering ions, which is observed when both analytes are 
derivatized with GirP.  
The calculated limits of detection (LOD) were determined for standards spiked into the 
PG/VG base and derivatized with either GirT or GirP. The LOD was calculated as three times 
the standard deviation of a blank, which consisted of the sample matrix and internal standard 
(IS), divided by the slope of a generated calibration curve for each analyte (R2 ≥ 0.99). The 
results given in Table 3.2 demonstrate that derivatizing with GirP gives improved LODs for 
all five analytes compared to GirT. 
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Figure 3.5. The signal-to-noise ratios of diacetyl, acetoin, cinnamaldehyde, benzaldehyde, and vanillin in PG/VG 
base when the analytes are underivatized (purple), derivatized with GirT (orange), and dervatized with GirP 
(blue). Diacetyl and acetoin were analyzed at 50 µM. Cinnamaldehyde, benzaldehyde, and vanillin were analyzed 
at 20 µM.  




Diacetyl 5.00 1.27 
Acetoin 0.71 0.36 
Benzaldehyde 1.35 0.77 
Cinnamaldehyde 0.50 0.15 
Vanillin 0.89 0.47 
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3.5. Quantification of Carbonyl Compounds in E-liquids 
Initial experiments for validating in-situ derivatization for quantification involved 
creating a calibration curve for vanillin and determining the concentration in two e-liquids that 
had previously been quantified by GC-MS (Figure 3.6). In the e-liquids Bahama Mama and 
Chocolate Banana, vanillin concentrations were determined to be 2.56 ± 0.44 mM and 125.8 
± 1.8 mM, respectively, by GC-MS. However, when the same e-liquids were quantified for 
vanillin by in-situ derivatization with GirP, the concentrations were found to be 1.08 ± 0.01 
mM and 63.0 ± 1.5 mM, giving percent differences of 57.8% and 49.9%, respectively.  
Figure 3.6. Calibration curve generated for vanillin by plotting the obtained peak area ratio of analyte:IS at 

















Given the disparity between the two measurements, standard addition was examined 
for quantification with nESI-MS to account for a potential matrix effect. When utilizing 
standard addition to quantify vanillin in the Bahama Mama and Chocolate Banana e-liquids, 
the concentrations were found to be 2.38 ± 0.37 mM and 123.4 ± 9.7 mM, thus decreasing the 
percent difference in concentration levels between nESI-MS and GC-MS to 7.0% and 1.9%, 
respectively (Figure 3.7). One potential reason for such a large error when quantifying with a 
calibration curve using nESI-MS is that the PG/VG ratio may be different between e-liquids. 
When creating a calibration curve, it is possible that the PG/VG ratio added into the calibration 
standards was not the same as in the diluted e-liquids. 
Figure 3.7. Standard addition curve generated for the e-liquids Bahama Mama (a) and Chocolate Banana (b) by 
plotting the obtained peak area ratio of analyte:IS at various vanillin concentrations (µM) spiked into the e-liquid. 
The nESI method was further validated for quantification of cinnamaldehyde and 
vanillin with parallel analyses using GC-MS for ten e-liquids. A Deming regression was 
plotted in Figure 3.8a and a Passing-Bablok regression was plotted in Figure 3.8b. 
B A 
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         Slope = 0.962 (0.631 to 1.294) Slope = 0.972 (0.798 to 1.578) 
Intercept = 0.660 (-3.279 to 4.599)  Intercept = 0.986 (-1.678 to 4.1.942) 
Figure 3.8. Comparison between nESI-MS and GC-MS methods for quantification of vanillin and 
cinnamaldehyde in e-liquids using Deming regression (a) and Passing-Bablok regression (b). Slope and intercept 
values obtained from the Deming regression and Passing-Bablok regression are given below each plot. The range 
of values for the slope and intercept at a 95% confidence interval are displayed in parenthesis beside the obtained 
value for each coefficient. 
The values for the slope and intercept from the regressions, along with the range of 
values for the coefficients included in the 95% confidence interval (in parenthesis) are 
indicated in Figure 3.8. The slope coefficient includes the value of 1 and the intercept includes 
the value of 0 in the confidence interval, thus there is no proportional or systematic difference, 
respectively, between nESI-MS and GC-MS methods for quantification.28,29 
3.6. Kinetics of Derivatization Reaction 
The enhanced kinetics for derivatization of carbonyls with Girard’s reagents in the 
microdroplet were compared to the reaction time in bulk solution. The total reaction time for 
the in-situ derivatization occurring during the nESI process was determined by summing the 
time the reagents spend in the Taylor cone and in the microdroplet itself prior to entering the 
gas phase.30 To calculate the time spent in the Taylor cone, both the volume of the Taylor 
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estimated using calculations detailed in the literature.30,31 The volume of the cone was 
determined based on the dimensions provided by the scanning electron microscopy (SEM) 
images seen in Figure 3.9. Examining the pulled tip of the emitter, the outer diameter (o.d.). 
was averaged to be 17.33 ± 2.09 μm (n=5), giving a Taylor cone volume of 0.023 ± 0.008 nL. 
When the emitter was at a fixed distance with no added backing pressure, the flow rate was 
determined to be 8.41 ± 0.36 nL/min. Thus, the total time the reagents spend in the Taylor 
cone was estimated to be 161.0 ± 6.8 ms. 
Figure 3.9. SEM images of: overview of pulled and non-pulled ends of borosilicate glass nanocapillaries (a) and 
pulled tip end of emitter (b) 
To determine the microdroplet lifetime, the reduction of 2,6-dichloroindophenol 
(DCIP) by L-ascorbic acid (L-AA) was utilized as this reaction has been well characterized 
and is widely used to measure reaction rates in the liquid phase (Figure 3.10).32–34 The 
reaction follows pseudo-first order kinetics when the reduced L-AA is present in a large 
excess. The forward rate constant for the reaction in the microdroplet has been determined to 
be 1.0 × 105 s-1.35 By using this rate constant and the integrated rate law for first order 
kinetics, the droplet lifetime was determined to be 6.93 ± 0.07 µs. Thus, the total 
reaction time for in-situ derivatization of carbonyls with GirT andGirP is approximately the 
time spent in the Taylor cone.
A   B 
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Figure 3.10. Reaction scheme of the reduction of 2,6-dichloroindophenol (DCIP) by L-ascorbic acid (L-AA) 
The derivatization reaction time in bulk solution was determined for the reaction of 
cinnamaldehyde and GirP by taking aliquots at various time points in the reaction to create a 
reaction time profile. Previous experiments had shown that the mixing of reagents does occur 
in ESI droplets to some extent, thus the derivatized and underivatized carbonyls needed to be 
separated prior to ESI to determine the reaction progress in the bulk solution only. Each aliquot 
underwent a reverse-phase HPLC separation to ensure that the derivatized carbonyl and the 
excess GirP were not present in the same electrospray droplets. The ratio of derivatized 
cinnamaldehyde to GirP was plotted at its respective time points in Figure 3.11a. The 
derivatization reaction is complete at approximately 90 minutes during the reflux. However, 
derivatization in the microdroplet does not reach 100% efficiency as seen by the mass spectrum 
in Figure 3.11b. Before the start of each reflux, an aliquot of the bulk solution was analyzed 
using nESI-MS and the ratio of derivatized cinnamaldehyde to GirP was found to be 0.68  ± 
0.09, which corresponds to about 20 minutes on the reaction time profile in Figure 3.11a. 
Thus, in-situ derivatization in the microdroplet is four orders of magnitude faster than 
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Figure 3.11. Reaction profile for derivatization reaction of cinnamaldehyde and GirP in bulk solution (a) and 
mass spectrum of in-situ derivatization of cinnamaldehyde and GirP in the microdroplet (b). The average peak 
area ratio of derivatized cinnamaldehyde to GirP is 0.68, which corresponds to 20 minutes in the reaction profile 












An in-situ derivatization method has been developed with GirT and GirP to detect 
and quantify harmful carbonyl compounds in e-liquids using nESI-MS. All five harmful 
carbonyl compounds analyzed in this study were detected in three e-liquids using in-situ 
derivatization. The reaction reaches completion in the microdroplet when GirT is present in 
at least three times excess in solution and GirP is present in at least two times excess.  It was 
found that derivatizing with GirP gives higher signal-to-noise ratios and lower LODs for all 
five analytes of interest compared to GirT. This method has been validated for 
quantification using standard addition of vanillin and cinnamaldehyde through comparison 
of concentrations obtained by nESI-MS and GC-MS. Characterization of the in-situ 
derivatization in the microdroplet shows that the total reaction time between the analyte and 
derivatizing reagent occurs at approximately 160 ms, which is 104 times faster than that 
achieved from reaction in the bulk solution. This method can be utilized for rapid analysis of 
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CHAPTER 4: A COMPARISON OF ELECTROSPRAY IONIZATION, NANO-
ELECTROSPRAY IONIZATION, AND PAPER SPRAY IONIZATION FOR THE 
ANALYSIS OF POLY- AND PERFLUOROALKYL SUBSTANCES 
4.1. Introduction 
4.1.1 Poly- and Perfluoroalkyl Substances 
Poly- and perfluoroalkyl substances (PFAS) comprise a class of synthetic chemicals 
that consist of a hydrophobic alkyl chain typically between 4 to 16 carbon atoms in length and 
a hydrophilic functional group. Given their hydrophobic and oleophobic properties, PFAS have 
been widely used in consumer products including disposable food packaging, cookware, and 
textiles. They are also a major component of aqueous film forming foams (AFFF) used during 
firefighting training activities, which has been a source of PFAS groundwater and drinking 
water contamination in the United States.1–4  Human PFAS exposure has been associated with 
a plethora of health effects, including altered immune and thyroid function, endocrine 
disruption, and cancer.5–7   
The two most commonly measured and detected PFAS compounds have been 
perfluorooctanoic acid (PFOA, Figure 4.1a) and perfluorooctanesulfonic acid (PFOS, Figure 
4.1b). In the early 2000s, awareness and emphasis on potential health effects associated with 
these “forever chemical” exposures led to manufacturers in the U.S. committing to phase out 
long-chain perfluorinated carboxylates with eight or more fully fluorinated carbons (e.g. 
PFOA) and perfluorinated sulfonates with six or more fully fluorinated carbons (e.g. PFOS). 
However, PFOA and PFOS continue to be produced internationally and consumer products 
containing these two compounds may still be imported to the U.S.8–11  
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Current industry practice has involved replacing perfluorinated long-chains molecules 
with structurally similar compounds that are not yet regulated. Emerging PFAS that have been 
globally detected in wastewater include perfluoroalkane sulfonamides (FASAs), fluorotelomer 
alcohols (FTOHs), and fluorotelomer phosphate diesters (diPAPs). However, studies suggest 
that these replacement polyfluorinated carbon chains have the potential to be equally as toxic 
as PFOA and PFOS. One emerging compound that has rapidly replaced PFOA is perfluoro-2-
propoxypropanoic acid, more commonly known by its trade name “GenX” (Figure 4.1c). 
GenX has been a major source of contamination in drinking water particularly in North 
Carolina as enormous quantities have been dumped into the Cape Fear River. Preliminary 
toxicity studies have shown that exposure to GenX in mice has negative health effects in the 
liver, kidney, and immune system.12–17  





























































4.1.2 Analytical Techniques for PFAS Analysis 
With thousands of PFAS present in diverse environmental matrices, it is necessary to 
develop selective and sensitive analytical techniques for trace analysis of legacy (e.g. PFOA 
and PFOS) and emerging (e.g. GenX) compounds. Varying levels of PFAS are not only found 
in aqueous samples but are also present in other matrices such as food, biological samples, and 
soil, which means that different sample preparations and/or pre-treatments must be 
implemented and optimized prior to analysis. Most studies utilize one or more extraction 
techniques such as solid phase extraction (SPE), solid phase microextraction (SPME), liquid-
liquid extraction (LLE) and dispersive liquid-liquid micro extraction (DLLME), which can 
yield low recovery of analyte and are subject to false negatives in trace analyses.18–20 
After sample pre-treatment, most targeted analyses then utilize liquid chromatography 
coupled to electrospray ionization-tandem mass spectrometry (LC-ESI-MS/MS) due to high 
sensitivity and low detection limits necessary for trace detection of PFAS. Ultra-high-pressure 
liquid chromatography coupled to high-resolution mass spectrometry (UHPLC-HRMS) are 
used for both targeted and nontargeted analyses to provide a more complete characterization 
of PFAS in environmental matrices. Other techniques such as total oxidizable precursor (TOP) 
assay, combustion ion chromatography (CIC), and particle-induced gamma-ray emission 
(PIGE) spectroscopy are used for total fluorine analysis and can supplement nontargeted 
analysis to elucidate the extent of PFAS contamination. These methods have provided a 
foundation for PFAS analysis but there are several drawbacks to the current analytical 
techniques implemented. LC techniques require high solvent consumption, generate large 
amounts of chemical waste, and are not amenable to high-throughput analyses given that 
separation times are on the magnitude of tens of minutes. Total fluorine analysis techniques 
allow for rapid screening of PFAS and its precursors but offer no selectivity and thus must be 
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used in conjunction with LC-MS techniques for a more comprehensive analysis.21–24 There are 
few studies utilizing direct infusion mass spectrometry as majority of the literature has relied 
on chromatographic techniques coupled to mass spectrometry for PFAS analysis.25–27  
The advancement of ambient ionization techniques has enabled analysis of samples in 
their native environment with minimal to no sample preparation, offering a faster and cheaper 
alternative to chromatography (Figure 4.2). The field of ambient ionization emerged with the 
development of desorption electrospray ionization (DESI) as a liquid extraction technique and 
direct analysis in real time (DART) as a plasma desorption technique. Over the years, substrate 
spray techniques such as paper spray (PS) ionization have become widely popular given its 
simple setup, low cost, and feasibility to sample directly from complex environments. PS 
ionization utilizes a triangular paper substrate where the sample of interest is placed in the 
center of the paper and spreads across the substrate by the capillary effect. The spray solvent 
is applied to the rear end of the paper and extracts the analytes of interest. Upon applying an 
electric field between the paper and the mass spectrometer inlet, ions begin to migrate toward 
the tapered end of the paper triangle and results in an electrospray-like ionization event.28–32  
Figure 4.2. Analysis of a raw, complex sample by traditional extraction and chromatographic separation 
techniques (bottom) with typical timescales contrasted with direct sampling ambient ionization methods.  
Figure adapted from Badu-Tawiah, et. al. Annu. Rev. Phys. Chem. 2013, 64, 481–505 33  
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Given that unmodified paper substrates are hydrophilic, many hydrophobic compounds 
such as PFAS lend themselves to analysis by paper spray. Additionally, paper spray offers 
several advantages for analysis of environmental water samples. Conventional water analysis 
methods require large volumes of the water sample (anywhere from 10 mL to 1 liter per 
collection) to be transported from the field to an analytical laboratory at a significant cost. 
Paper spray only requires a few microliters of sample to be spotted onto the paper, which can 
be dried and shipped at a much lower cost. Paper spray also does not require any filtration of 
crude samples as it is immune to clogging, thus requiring minimal sample handling. However, 
the application of PS ionization for PFAS analysis has not been examined. This work aims to 
understand how PS ionization compares to electrospray ionization (ESI) and nano-electrospray 
ionization (nESI) for analysis of three PFAS species: PFOA, PFOS, and GenX. 
4.2. Understanding the Ion Types Observed by ESI, nESI, and PS Ionization 
The comparison of PFAS ion types generated by ESI, nESI, and PS ionization was all 
performed using a Bruker HCTultra ion trap mass spectrometer (HCT). The mass spectra 
obtained by ESI for PFOA (Figure 4.3a) yields four different ion types: deprotonated 
monomer [M-H]-, decarboxylated monomer [M-COOH]-, protonated dimer [2M-H]-, sodiated 
dimer [2M-2H+Na]-. ESI of GenX (Figure 4.4a) generates the same ion types observed with 
PFOA with the addition of a sodiated trimer [3M-3H+2Na]-. 
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No dimers or trimers are observed in the obtained mass spectra when using nESI and 
PS for the analysis of PFOA (Figures 4.3b-c). These results are expected as the initial droplets 
produced from both ionization techniques are at least an order of magnitude smaller than that 
generated by ESI.31 With smaller initial droplets, the probability of multiple monomers 
occupying the same droplet decreases which in turn decreases the probability that a dimer will 
be produced prior to desolvation. However, considerable dimer formation is observed when 
analyzing GenX by nESI (Figure 4.4b) and a small percentage is formed during PS ionization 
(Figure 4.4c). Comparing the relative abundance of ion types observed by all three ionization 
techniques for PFOA and GenX (Figure 4.5), approximately 20% of the ion types observed 
for GenX by ESI are monomer species as opposed to PFOA which has 80% monomer species, 
suggesting that GenX inherently has a higher propensity for dimer formation compared to 
PFOA.  
Analysis of PFOS by all ionization techniques shows only [M]- in the mass spectra as 
the analyte has a permanent negative charge (Figure 4.6). MS/MS of the parent ion did not 
yield any observed product ions in the mass spectrum as the dissociation of sulfonate group 
(m/z 80) was not detected. 
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Figure 4.5. Relative abundance of ion types observed by ESI, nESI, and PS ionization for analysis of PFOA (a) 
and GenX (b). 






It is important to note that using different mass analyzers yield different PFAS ion types 
observed in the mass spectrum and as such, a direct comparison of ionization techniques must 
be done across the same instrument As shown in Tables 4.1 – 4.3, no two instruments generate 
the same mass spectra when ionized with ESI on the following mass analyzers: Bruker 
HCTultra ion trap mass spectrometer (HCT), Thermo Scientific LTQ mass spectrometer 
(LTQ), PESciex 3000 — Triple Quad (QqQ), ThermoScientific Q Exactive HF-X (Orbitrap). 
There were no dimers, trimers, or sodiated peaks observed on the LTQ, while analysis on the 
QqQ gave the greatest number of ion types for each PFAS compound.  
During the ESI process, the ion optics can fragment the ions entering the source, 
commonly referred to as “in-source fragmentation”. The fragmentation results from ions 
accelerating through the ion optics and colliding with neutrals. Differential ion mobility 
spectrometry (DIMS) can be used to help understand the nature of the ions formed during the 
ionization process and during transmission through the ion optics.34 A DIMS device was 
interfaced to the HCT to observe the ion types generated and detected with ESI-DIMS-MS for 
PFOA. A DIMS compensation field scan of PFOA at a dispersion field of 26 kV/cm shows 
two [M-COOH]- peaks (Figure 4.7). 
The first peak originates from 
fragmentation of the protonated dimer 
in the ion optics. The second peak is 
from the [M-COOH]- that exists prior 
to entering the DIMS device. This 
data suggests that the differences in 
ED = 26 kV/cm 
observed ion types may not be from              Figure 4.7. DIMS compensation field scan of PFOA 
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the ESI process, but rather the ion optics of different mass analyzers causing various degrees 
of fragmentation. For example, when using the LTQ, the oligomers that are formed during ESI 
are likely fragmenting in the ion optics to result in only monomer species observed in the mass 
spectrum. In-source fragmentation of these oligomer species is detrimental to sensitivity as at 
least half of the monomer species are lost as neutrals and not detected in the mass spectrum.  
Table 4.1. PFOA ion types observed during ESI-MS on four different mass spectrometers: Bruker HCTultra ion 
trap mass spectrometer (HCT), Thermo Scientific LTQ mass spectrometer (LTQ), PESciex 3000 — Triple Quad 
(QqQ), ThermoScientific Q Exactive HF-X (Orbitrap). 
PFOA 
Table 4.2. PFOS ion types observed during ESI-MS on four different mass spectrometers: Bruker HCTultra ion 
trap mass spectrometer (HCT), Thermo Scientific LTQ mass spectrometer (LTQ), PESciex 3000 — Triple Quad 
(QqQ), ThermoScientific Q Exactive HF-X (Orbitrap). 
. 
PFOS 
Table 4.3. GenX ion types observed during ESI-MS on four different mass spectrometers: Bruker HCTultra ion 
trap mass spectrometer (HCT), Thermo Scientific LTQ mass spectrometer (LTQ), PESciex 3000 — Triple Quad 





4.3. Effects of Adding Alkali Metal Cations for PFAS Analysis 
As both PFOA and GenX had an affinity for sodium with ESI, the effects of adding 
lithium, sodium, or potassium acetate salts to the PFAS sample prior to ionization were 
investigated. The relative intensity of ion types observed in the mass spectrum with and without 
alkali metal cations for PFOA (Figure 4.8), PFOS (Figure 4.9), and GenX (Figure 4.10) were 
compared for ESI, nESI, and PS.  
ESI generates the highest intensity of PFOA monomer ions, [M-H]- or [M-COOH]-, 
and nESI yields the greatest monomer intensity for PFOS and GenX. Compared to ESI, 
minimal PFAS metal adducts are observed when ionizing with nESI and PS even with the 
addition of metal cations, suggesting that the smaller initial droplet size does decrease the 
probability of alkali metal dimer formation. The addition of lithium to GenX results in a 
lithiated dimer that has the highest intensity of any ion formed during ESI. Given that a 
significant amount of sodiated dimer is observed in the mass spectrum without any additional 
sodium cation added, it is expected that GenX would have a high affinity for the lithium cation 
as well. The work in Chapter 5 aims to understand the high lithium cation affinity of GenX 
through DFT calculations, as well as evaluating the effects of introducing metal cations 
through a post-column infusion system after LC separation. 
For nESI, there is an enhancement in intensity of the monomer ions for PFOA and 
GenX when metal cations are added. Given that the borosilicate glass emitter used in nESI has 
a negatively charged surface, there should be high interactions between the cations and the 
negatively charged surface leading to less formation of cationized dimers. The PFOS used in 
this study is already in its salt form allowing for the counterion in solution to interact with the 
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negatively charged surface, thus the greatest PFOS ion intensity with nESI is observed 
when no additional metal cation is added.35  
With PS ionization, the presence of at least one metal cation causes a dramatic 
increase in signal intensity for all three PFAS species. For PFOA, the greatest signal 
intensity is observed in the presence of potassium, while for GenX the maximum signal is 
seen in the presence of lithium. For PFOS, the signal intensity of the analyte with no metal 
added is two orders of magnitude lower than when any of the metal cations are present. It has 
been shown that paper substrates trap high concentrations of salts without being eluted 
toward the tip of the substrate given their poor solubility in organic solvents.36 With majority 
of the salts trapped in the paper, the nonpolar analytes of interest can be extracted into the 
organic solvent for mass analysis. Given that PFOS is spotted onto the paper as a salt, it is 
plausible that the analyte is not as easily accessible for solvent extraction without the 
presence of additional salts filling the pores in the paper. PS ionization parameters are 
further explored and optimized with the addition of metal cations for PFAS analysis in 
Chapter 5. 
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Figure 4.8. Relative abundance of ion types observed for PFOA with and without metal cations added when using 
ESI (a), nESI (b), and PS (c). Abundances are normalized to the highest signal intensity of ion type observed 






























Figure 4.9. Relative abundance of ion types observed for PFOS with and without metal cations added when using 
ESI (a), nESI (b), and PS (c). Abundances are normalized to the highest signal intensity of ion type observed 
across all three ionization methods.  



















































Figure 4.10. Relative abundance of ion types observed for GenX with and without metal cations added when 
using ESI (a), nESI (b), and PS (c). Abundances are normalized to the highest signal intensity of ion type observed 





4.4. Effects of Basicity on Ionization of PFAS Molecules 
While the pKa value of PFOS is well below 0, the 
pKa for PFOA and GenX have been previously reported as 
having a wide range of possible values (Table 4.4).37 
Operating the electrospray source in negative ion mode 
increases the pH of the solution due to the water reduction 
process, but the extent of pH change is still unclear. As such, the effects of adding a weak base 
to the PFAS solution prior to ionization is examined to determine if there is an improvement 
in signal intensity for negative ion electrospray processes. The four nitrogen-containing bases 
used in this study are: pyridine (pKb = 8.77), trimethylamine (TMA, pKb = 4.20), triethylamine 
(TEA, pKb = 3.25), and piperidine (pKb = 2.80). The log2 fold change in peak area for PFAS 
ion types is determined as the base added to the PFAS solution versus when no base is added 
for ESI-MS (Figure 4.11a), nESI-MS (Figure 4.11b), and PS-MS (Figure 4.11c).  
Adding a base to the ESI solvent increases GenX signal intensity for the deprotonated 
monomer, decarboxylated monomer, and protonated dimer peaks up to 10-fold compared to 
when no base is added. This increase in protonated dimer species is observed for all three 
ionization techniques when piperidine, the strongest base examined, is incorporated into the 
solution. This observation can be explained by the decrease in sodiated oligomer ions discussed 
later. 
Compound pKa range 
PFOA -0.5 – 3.8
PFOS <<0 
GenX 2.8 – 3.8
Table 4.4. Experimental pKa value 
ranges for PFAS compounds 37
67 
Figure 4.11. Heat map of log2 fold change in peak area of PFAS ion types between base added and no base added 
for ESI-MS (a) nESI-MS (b) PS-MS (c). A negative fold change is denoted by red, no fold change is denoted by 






Adding base into the solution for PFOA or GenX decreases the relative amounts of 
sodiated dimer peaks for all three ionization sources. Previous work has shown that adding 
alkylamines to solution suppresses sodium adduction for oligonucleotide analysis as the 
sodium cation forms strong electrostatic interactions with the base.38–40 DFT calculations 
were performed to determine the change in Gibbs free energy (∆G!→#) for a polar base 
molecule coordinated with a sodium cation to move from solution-phase into the gas-phase 
to model the electrospray process (Table 4.5). The calculations show that it is less 
energetically favorable for the electrostatic interaction to occur in the gas-phase, which 
implies that the base is coordinating with the cation in solution. As such, there are 
significantly less sodium ions available to dimerize with the PFAS molecule during the 
electrospray process. With less available sodium ions, a significant increase in protonated 
dimer species is observed as the sodium ions are less likely to be present in the microdroplet 






Table 4.5. Free energy difference between gas-phase and solution-phase (∆G!→#) 
for interaction between a base molecule and a sodium cation calculated at the 
B3LYP/6-311+G(d,p) level of theory.
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There is a general decrease in signal intensity for PFOA ion types when a base is present 
during ESI and nESI. As PFOA is more likely to already exist in its deprotonated form 
compared to GenX, the increase in pH does not offer any observed advantage. There is a slight 
increase in PFOS intensity for all ionization techniques in the presence of a base with the 
greatest increase observed during ESI. The PFOS standard is in solution with a potassium 
counterion, thus the base molecule can interact with both potassium and sodium cations present 
in solution allowing for more PFOS anions to be detected.  
The fold change in signal intensity with PS ionization is slight compared to the extent 
observed by ESI. The largest increase in signal intensity for PS ionization is between 2-3-fold, 
which is observed when piperidine is present for PFOA and GenX, and TMA is present for 
PFOS. With the favorable solution interaction between the sodium ion and base molecule, the 
coordinated species is more likely to remain on the paper allowing for more PFAS monomer 
species to be extracted. No PFOA dimers are observed with PS ionization and no GenX trimers 
are observed with nESI and PS ionization, regardless of whether base is added, and as such 
there is no fold change to examine (denoted by black boxes). 
4.5. Dissociation of Metal Cationized PFAS Oligomers   
Unique dissociation pathways are observed for the sodiated oligomers during tandem 
mass spectrometry by collision-induced dissociation (CID). Typically, a dimer or trimer 
species will have either a proton or a metal cation coordinated between the monomer units. 
The most common fragmentation pathway for these oligomers is breaking the cation 
coordination to result in the loss of a monomer unit.41,42 CID of [2M-2H+Na]- species for 
PFOA and GenX yield a product ion type of [M-H+NaF]- where a covalent C-F bond is broken 
from one of the monomer units and the fluoride ion that is released from the monomer forms 
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an ionic bond with the sodium cation (Figure 4.12). Upon MS3 of the [M-H+NaF]- species for 
PFOA, there is a loss of the NaF, yielding only the deprotonated monomer. When performing 
MS3 of the [M-H+NaF]- species for GenX, there is a loss of CO2 producing the species [M-
COOH+NaF]- species. MS/MS of the sodiated trimer [3M-3H+2Na]- for GenX yields two 
product ion types:  
1) sodiated dimer retaining one NaF molecule [2M-2H+NaF+Na]-
2) deprotonated monomer retaining two NaF molecules [M-H+2NaF]-.
Based on the experimentally observed MS/MS product ions, it is hypothesized that 
upon CID of PFAS sodiated oligomers the sodium atom abstracts a fluorine atom from one of 
the coordinated monomers. The result is a sodium fluoride salt (NaF) that clusters around the 
deprotonated monomer [M-H]-. The similarity in the radii of F- (133 pm) and Na+ (102 pm) 
along with the high lattice energy of NaF suggests there is very high bond strength between 
the two ions.  
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Figure 4.12. MS/MS and MS3 spectra for CID of PFOA [2M-2H+Na]- species (a) and GenX [2M-2H+Na]- and 
















































Density functional theory (DFT) calculations were performed on the sodiated GenX 
dimer parent ion [2M-2H+Na]- to determine which fragmentation pathway is more 
energetically favorable: the formation of the NaF cluster around one of the deprotonated 
monomers or simply breaking the sodium coordination to yield a deprotonated monomer. The 
optimized gas-phase structures determined for both parent and product ions, shown in Figure 
4.13, are ranked based on their relative Gibbs free energies (kcal/mol) and normalized to the 
parent ion (details provided in Chapter 2). 
For GenX, the product ion [M-H+NaF]- (m/z 371) observed in the mass spectrum 
combined with a predicted neutral loss has an endothermicity of formation at 276.1 kcal/mol. 
The theorized product ion of [M-H]- (m/z 329) and a neutral sodiated monomer salt has a larger 
endothermicity of formation at 305.6 kcal/mol. The DFT calculations support the experimental 
observation that the formation of the NaF cluster around the monomer requires less energy 
than dissociating the sodium coordination. Dissociation of (NaF)nNa+ cluster ions has 
demonstrated the high gas-phase stability of NaF, suggesting that the NaF will remain intact 
around the deprotonated monomer even at higher CID amplitudes.43,44  
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Figure 4.13. Energy profile (a) and the primary dissociation products (b) derived from sodiated GenX dimer   
[2M-2H+Na]- (1). The observed product ion [M-H+NaF]- and a predicted neutral loss (2) has an 
endothermicity of formation at 276.1 kcal/mol relative to the parent ion. The theoretical product ion of  
[M-H]- and a sodiated monomer salt (3) has an endothermicity of formation at 305.6 kcal/mol relative to the 
parent ion. The free energies (kcal/mol) of the optimized dissociated products are shown relative to the parent 


















































































MW = 310 MW = 352
m/z 329
m/z 681M = 310 M   
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4.6. Summary 
The application of PS ionization for the analysis of PFAS molecules was examined and 
compared to ESI and nESI. PS ionization offers the least signal splitting across the observed 
ion types as only the monomer species are abundant in the mass spectra. 
The effects of introducing metal cations to the PFAS solution prior to ionization was 
further investigated as both PFOA and GenX had a high affinity for sodium. Lithiated GenX 
has the most intense peak in ESI and is significantly more intense than any ion type observed 
without addition of metal. The high lithium affinity of GenX is further explored through post-
column infusion experiments in Chapter 5 as the significant increase in signal intensity can 
provide lower limits of detection for trace analysis in environmental samples. The addition of 
metal cations to the PFAS solution shows improved signal intensity for both PFOA and GenX 
when ionizing with nESI. The borosilicate glass capillary used as the emitter for nESI is 
comprised of a negatively charged surface that attracts the added metal cations, thus 
minimizing cation adductions. The addition of metal cations also improves analyte signal 
intensity with PS ionization. Given the hydrophobic nature of paper substrates, nonpolar 
analytes confined in the porous paper become more readily available for extraction by the 
organic spray solvent as the salts are more likely to remain trapped within the pores.  
 By adding an organic base and increasing the pH of the solution, it was hypothesized 
that there would be an increase in PFOA and GenX signal intensity through enhanced 
deprotonation of the analyte. Increasing basicity of the ESI solution for GenX drastically 
improves the intensity of monomer and protonated dimer peaks. Furthermore, the presence of 
the base molecule significantly decreases the intensity of sodiated oligomer species for both 
PFOA and GenX as the base molecule has a favorable electrostatic interaction with the sodium 
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cation and sequesters the sodium in solution. The presence of TMA and piperidine did improve 
signal intensity by PS ionization for PFOS and PFOA/GenX, respectively, but the 
improvement was not as significant as that observed for GenX by ESI.  
The mass spectra obtained by ESI and nESI for both PFOA and GenX contains sodiated 
oligomers that yield unique dissociation pathways upon CID. The sodiated dimer dissociates 
into a deprotonated monomer coordinated to a sodium fluoride salt [M-H+NaF]-. This 
observation contradicts the hypothesis that CID of the sodiated oligomer would break the 
sodium coordination yielding a deprotonated monomer product ion and a neutral loss of the 
sodiated monomer salt. DFT calculations validated the experimental observations that the 
formation of the [M-H+NaF]- product ion has a lower endothermicity compared to the 
formation of the [M-H]- product ion.   
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CHAPTER 5: UNDERSTANDING THE EFFECTS OF ALKALI METAL CATIONS ON 
POLY- AND PERFLUOROALKYL SUBSTANCES ANALYSIS BY ELECTROSPRAY 
IONIZATION AND PAPER SPRAY IONIZATION 
5.1. Introduction to PFAS Ionization with Alkali Metal Cations 
5.1.1. Electrospray Ionization 
Electrospray ionization (ESI) is the most widely used ionization technique for the 
analysis of poly- and perfluoroalkyl substances (PFAS) given its compatibility with liquid 
chromatography (LC) separations. LC-MS is suitable for trace analysis of accumulated PFAS 
in diverse environmental matrices, but the sensitivity and selectivity of analyte detection is 
often contingent upon the sample preparation. Most of the literature on PFAS analysis has 
focused on developing and optimizing extraction methods and LC separation parameters with 
few studies examining the electrospray process after separation.1–4  
PFAS compounds in the ionized sample are typically screened for the [M-H]- ion and 
[M-COOH]- ion.5,6 However, as discussed in Chapter 4, sodiated oligomers in the form of 
[2M-2H+Na]- and [3M-3H+2Na]- are also observed in high abundances in the mass spectra. 
The effects of cation adduct formation are often seen as deleterious as the analyte signal is split 
across multiple peaks, thus decreasing sensitivity and increasing spectral complexity.7–9 To 
reduce cation formation, off-line desalting methods such as solid phase extraction or gel-
filtration can be implemented. LC methods have been developed to desalt matrices prior to MS 
but are often time-consuming.10,11  
There are cases where the addition of metal cations to the electrospray solvent enhances 
sensitivity of analyte detection for species such as peptides, carbohydrates, and ethoxylate 
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surfactants.12–14 The data shown in Chapter 4 also demonstrates this improved sensitivity as 
the addition of lithium to perfluoro-2-propoxypropanoic acid (GenX) results in a lithiated 
dimer that has the highest intensity of any ion formed during ESI. The GenX ion types observed 
in the mass spectrum are predominantly the lithiated dimer, [2M-2H+Li]-, and the lithiated 
trimer, [3M-3H+2Li]-, thus minimal signal splitting is observed. Given that LC-ESI-MS is still 
the most popular method for targeted PFAS analysis, the effects of introducing a lithium salt 
or a sodium salt through a post-column infusion were evaluated. 
5.1.2. Paper Spray Ionization 
Ambient ionization techniques have become increasingly popular for direct analysis of 
analytes from complex matrices and have been applied to fields such as forensics, 
environmental chemistry, and clinical chemistry. Paper spray (PS) ionization is one example 
of an ambient ionization technique where ions are generated directly from a paper substrate 
that contains the sample of interest. PS ionization has shown great promise for biological 
matrices as salts adhere to the paper while analytes soluble in an organic spray solvent are 
extracted and ionized. Given the hydrophilic nature of cellulose paper substrates, PS ionization 
has been traditionally used for analysis of hydrophobic species, making PFAS a good target 
for analysis by PS.15,16  
The work presented in Chapter 4 provided insight into analysis of three PFAS 
molecules by PS ionization using a custom-built source and compared it to ESI and nano-ESI 
(nESI) on a Bruker HCTultra ion trap mass spectrometer. The deprotonated and 
decarboxylated monomer species were the predominant ion types observed by PS ionization 
for perfluorooctanoic acid (PFOA) and GenX. Minimal oligomer species were observed with 
PS ionization; thus, the analyte signal was not split across several ion types as with ESI and 
nESI. Additionally, a significant increase in signal intensity was observed for PFOA, GenX, 
 83 
and perfluorooctanesulfanoic acid (PFOS) with at least one alkali metal cation salt when 
present in the PFAS solution and spotted onto the paper substrate. PS ionization conditions are 
further explored and optimized in this chapter using the Thermo Scientific LTQ mass 
spectrometer with a Velox 360 paper spray system. This commercialized PS ionization source 
is amenable for high-throughput analysis as up to 40 samples can be queued for analysis with 
an autosampler. A 3D-printed cartridge holds the paper substrate with the cartridge design 
demonstrating both robustness and reproducibility.17–19  
Three parameters were examined to determine the optimal conditions for PFAS 
analysis by PS ionization. The first factor tests the effect of washing the paper substrate with 
acetonitrile prior to spotting the analyte. Previous studies have reported a reduction in 
background ions by preconditioning the paper with spray solvent thus increasing the signal-to-
noise ratio of the analyte.20,21 The second parameter assesses the effect of incorporating a 
chlorinated solvent, dichloromethane (DCM), into the spray solvent. Chlorine atoms are 
electron scavengers and have been shown to reduce the incidence of corona discharge typically 
observed with negative ion mode. Corona discharge is more often observed with (-) PS 
ionization as higher voltages must be applied to induce ionization compared to ESI.22,23 The 
last factor examines the effects of introducing four alkali metal cation salts into the PFAS 
solution prior to spotting the sample to determine if an increase in signal intensity is also 
observed with this secondary PS setup. The four metal cations tested are lithium, sodium, 
potassium, and cesium. Each parameter was examined individually as well as in conjunction 
with one other.  
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5.2. Post-Column Infusion of Alkali Metal Cations 
 A reverse-phase LC gradient was used to evaluate the separation and ion-types 
observed with no added metal cation salts for a mixture of three PFAS: perfluorohexanoic acid 
(PFHxA), GenX, and PFOA (Figure 5.1). PFOS was not evaluated for these experiments as 






































Figure 5.1. LC-ESI-MS chromatograms for PFHxA (a), GenX (b), and PFOA (c) from 5-µL injection of 1 µg/mL 















































































































 There is good separation between PFHxA (Rt = 3.40 min) and GenX (Rt = 3.62 min) at 
a resolution of 1.25. It is expected that both species would have comparable retention times 
given the similarity in chemical composition with GenX having one additional oxygen 
compared to PFHxA. PFOA (Rt = 4.60 min) has two additional CF2 groups on its chain giving 
it a longer retention time and baseline separation from PFHxA and GenX. For PFHxA and 
PFOA, the decarboxylated monomer, [M-COOH]-, is the most abundant ion type observed. 
For GenX, the protonated dimer, [2M-H]-, and sodiated dimer, [2M-2H+Na]-, are equally 
abundant and the base peaks (Figure 5.2). For all three species, there are less sodiated oligomer 
ion types observed after LC separation compared to direct infusion ESI. Given that LC methods 
are utilized for on-line desalting, there are less sodium cations present in the eluate when it 




























Figure 5.2. Relative abundance of ion types observed by (-) ESI-MS (Direct Infusion) and LC-(-)ESI-MS (LC) 
for PFHxA, GenX, and PFOA. 
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With the decrease in sodiated oligomer species, a post-column infusion setup 
(discussed in Chapter 2) was utilized to understand the effects of introducing sodium ions 
post-separation and pre-ionization. The two sodium cation salts examined were sodium acetate 
(NaOAc, pKa = 4.75) and sodium hydroxide (NaOH, pKa = 13.80). Different infusion flow 
rates were also tested to understand the extent of mixing between the eluate and sodium cation 
solution in the zero-dead volume tee prior to reaching the electrospray emitter. The fold change 
in the observed ion types for PFHxA, GenX, and PFOA after post-column infusion of sodium 
salts is shown in Figure 5.3.   
Introducing NaOH at 2 µL/min does provide an increase in the [2M-H]- and  
[2M-2H+Na]- species for PFHxA, which in turn decreases the relative amounts of the 
monomer species. At higher infusion flow rates of NaOH, the signal intensity of the PFHxA 
ion types tends to decrease. The addition of NaOAc to PFHxA shows a similar trend in fold 
change as NaOH, but the magnitude of the fold change is not as intense given the lower pKa 
of NaOAc. Infusing NaOH at 4 µL/min for GenX provides the greatest increase in signal 
intensity for the [2M-2H+Na]- species and the greatest decrease in [2M-H]- and 
[3M-3H+2Na]- species. However, the range of fold change for all ion types is less than 1.5-
fold, and as such there is not a significant advantage to infuse sodium cation salts for PFHxA 
and GenX. 
For PFOA, there is no significant change in signal intensity for the monomer species 
when sodium is introduced, but there is a significant decrease in the [2M-H]- species and no 
sodiated dimer species is observed at all in the mass spectrum. This is advantageous in that 
PFOA signal is not split across the dimer peaks, thus increasing the sensitivity of 
PFOA detection.  
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Figure 5.3. The fold change in the ion types observed for PFHxA (a), GenX (b), and PFOA (c) after post-column 















































































Lithium cations are not inherently present in ESI solution, thus a fold change in 
intensity of ion type is not applicable for this data. Instead, the maximum peak intensity of the 
analyte at its retention time was determined from the mass spectra with and without post-
column infusion of lithium acetate (LiOAc, pKa = 4.76) or lithium hydroxide (LiOH, pKa = 
14.04) for PFHxA (Figure 5.4), GenX (Figure 5.5), and PFOA (Figure 5.6). Two-sample 
equal-variance t-tests (1 = 0.05) were used to determine if there was a significant difference in 
intensity of ion types in the presence of lithium cation compared to when no lithium was added. 
For PFHxA and GenX, the infusion of lithium acetate does yield some lithiated dimer 
species that are significantly higher than the background intensity of the given mass-to-charge, 
but the lithiated ion is not the base peak in the mass spectrum. It is interesting to note that for 
all three PFAS, the overall signal intensity of at least one non-lithiated ion type increases with 
the LiOAc infusion. Even with this increase in signal intensity, the analyte signal itself is still 
considerably split across several ion types for PFHxA and GenX. For PFOA, there is an 
increase in the [M-COOH]- intensity when LiOAc is present, but there is no change in the 
amount of dimer species observed. Given that PFOA has minimal dimer formation to start 
with, the majority of analyte signal is already observed as the decarboxylated species giving a 
higher detection sensitivity. 
When infusing LiOH, there is a dramatic increase in the lithiated ion types for PFHxA 
and Genx with [2M-2H+Li]- observed as the base peak. Additionally, there is a significant 
decrease in all other ion types typically observed for the two PFAS species, thus sensitivity of 
analyte detection is greatly improved with LiOH. The signal intensity for the PFOA monomer 
ion types significantly decreases when adding LiOH while all the dimer species increase. This 























Figure 5.4. The maximum intensity of PFHxA ion types observed in mass spectra with and without post-column 
infusion of 10 mM lithium acetate (LiOAc) (a) or 10 mM lithium hydroxide (b) at different flow rates.  
(From t-test: *p < 0.05; ** p < 0.01; *** p < 0.001. The n zig-zag line denotes p-value is significant between the 









































































































































































* p < 0.05
  ** p < 0.01    














































Figure 5.5. The maximum intensity of GenX ion types observed in mass spectra with and without post-column 
infusion of 10 mM lithium acetate (LiOAc) (a) or 10 mM lithium hydroxide (b) at different flow rates.  
(From t-test: *p < 0.05; ** p < 0.01; *** p < 0.001. The n zig-zag line denotes p-value is significant between 
the two specified bars. The capped line denotes p-value is significant between no lithium added and all lithium 



















































































































































































    * p < 0.05     
  ** p < 0.01     
*** p < 0.001 
c 
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Figure 5.6. The maximum intensity of PFOA ion types observed in mass spectra with and without post-column 
infusion of 10 mM lithium acetate (LiOAc) (a) or 10 mM lithium hydroxide (b) at different flow rates.  
(From t-test: *p < 0.05; ** p < 0.01; *** p < 0.001. The n zig-zag line denotes p-value is significant between the 



























































































































































* p < 0.05
  ** p < 0.01    
*** p < 0.001 
c 
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Infusing LiOH at 1 µL/min provides the greatest lithiation of PFHxA and GenX. At 
higher flow rates, the signal intensity from the lithiated ion types decreases suggesting either 
inadequate amount of mixing time between the LiOH and the eluate and/or ionization 
suppression. For both PFAS molecules, the relative abundance of the [2M-2H+Li]- reaches at 
least 50% of total ion types, thus at least half of all analyte signal is observed at one mass-to-
charge (Figure 5.7). PFOA does not demonstrate a high affinity for lithiation compared to 
PFHxA and GenX, but the [M-COOH]- already accounts for 80% of the relative abundance of 
ion types (Figure 5.3) and as such, there is no analytical advantage to intentionally dimerize 
the compound and lose signal intensity of the decarboxylated monomer. 
Figure 5.7. Relative abundance of ion types observed by LC-(-)ESI-MS with no post-column infusion of 

















[M-H]- [M-COOH]- [2M-H]- [2M-2H+Li]- [2M-2H+Na]-
[3M-3H+2Li]- [3M-3H+2Na]-
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5.3. Density Functional Theory Modeling for Cation Affinity 
 To further understand the cation affinity of PFHxA and GenX, density function theory 
(DFT) calculations (details provided in Chapter 2) were performed on the dimerized species 
to evaluate the relative energies associated with the PFAS anions coordinating to a proton, 
lithium cation, or sodium cation (Figure 5.8). The calculations were done in both solution-
phase with water as an implicit solvent and in the gas-phase. The Gibbs free energy of 
formation (∆G&'()*+,'-) was calculated using the following equations for the solution-phase 





Figure 5.8. Reaction scheme for two deprotonated monomers of PFHxA (a) or GenX (b) coordinating with a 
cation (X+) to form a dimerized species. The three cations are H+, Li+, or Na+. 
 
 
∆G!"#$%&'"(,*+ =	∆G*+(PFAS	dimer) − 12 3∆G*+(PFAS	monomer)6 + ∆G*+(X,)9             (Eq. 5.1) 
 
∆G!"#$%&'"(,-*. =	∆G-*.(PFAS	dimer) − 12 3∆G-*.(PFAS	monomer)6 + ∆G-*.(X,)9								(Eq. 5.2) 
 
 
























































































The values for the ∆G&'()*+,'- are shown in Table 5.1. When lithium and sodium 
cations are placed in an aqueous solution with the PFAS monomer species, the dimer will not 
spontaneously form. Given that the water molecules would form a solvation shell around the 
metal cations and the PFAS headgroup, the ion-dipole interactions would need to be broken 
for the metal cation to coordinate with two PFAS monomers, requiring a significant input of 
energy. The [2M-H]- species does form spontaneously in solution, but the formation is not as 
energetically favorable compared to coordinating in the gas phase. The exergonic formation of 
[2M-H]- in water can be explained by the Grotthuss mechanism, in which a proton can rapidly 
overcome the low energy barrier (~ 1 kcal/mol) to interconvert between covalent and hydrogen 
bonds allowing for protons to have a much faster mobility in water compared to metal cations. 
The high mobility increases the probability of a proton coordinating with the PFAS monomer 






[2M-2H+Li+]-aq 4.15 49.40 
[2M-2H+Li+]-gas -71.26 -172.72
[2M-2H+Na+]-aq 8.29 52.40 
[2M-2H+Na+]-gas -42.42 -148.40
Table 5.1. The Gibbs free energy of formation (∆G$%&'()*%+) for two PFHxA or GenX monomers 
coordinating to a proton, lithium cation, or sodium cation to form a dimer species in water 
solution-phase (aq) or gas phase (gas) calculated at the B3LYP/6-311+G(d,p) level of theory.
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For all three dimer ion types, the coordination in the gas-phase is enegetically favorable 
and will occur spontaneously. However, the dimers likely form during the electrospray process 
when the reagents occupy the same droplet space rather than the gas-phase. The environment 
in the microdroplet differs significantly from bulk solution as solvent evaporation leads to an 
increase in pH when operating in negative ion mode, an increase in concentration of reagents, 
and higher frequency of collisions.27,28 The molecules come in closer proximity to each other 
during desolvation lending the gas-phase calculation to be a very close approximation to the 
actual free energy of formation in the electrospray droplet. The gas-phase calculations support 
the experimental observations that PFHxA and GenX have a higher affinity for lithium cations 
compared to sodium cations.  
5.4. Optimizing Paper Spray Ionization Conditions with Alkali Metal Cations 
PS ionization was initially examined for PFAS analysis on the Bruker HCTultra ion 
trap in Chapter 4 and showed an increase in monomer intensity when spotting different metal 
cations with the PFAS solution onto the paper substrate. A commercial PS ionization source 
coupled to a Thermo Scientific LTQ is used in this chapter to evaluate if similar metal cation 
effects are observed as the commercialized ionization sources are amenable for high-
throughput analyses and offer greater reproducibility. Additionally, the effects of prewashing 
the paper substrate with acetonitrile (ACN) and/or using 10% (v/v) dichloromethane (DCM) 
in the spray solvent are assessed as these parameters have shown to improve analyte signal 
with PS ionization in the literature.21,29,30 These three variables were tested individually and 
in combinations for analysis of PFOA (Figure 5.9), GenX (Figure 5.10), and PFOS  





Figure 5.9. Signal intensity of PFOA under different PS ionization conditions (a) and the log2 fold change of the 
signal intensity relative to the control conditions (b). (Abbreviations: DCM = 10% dichloromethane in spray 
solvent, ACN = prewashing the paper substrate with acetonitrile, ACN/DCM = both prewash acetonitrile with 
and 10% dichloromethane in spray solvent, LiOAc = lithium acetate, NaOAc = sodium acetate, KOAc = 


















































































































































Figure 5.10. Signal intensity of GenX under different PS ionization conditions (a) and the log2 fold change of the 
signal intensity relative to the control conditions (b). (Abbreviations: DCM = 10% dichloromethane in spray 
solvent, ACN = prewashing the paper substrate with acetonitrile, ACN/DCM = both prewash with acetonitrile 
and 10% dichloromethane in spray solvent, LiOAc = lithium acetate, NaOAc = sodium acetate, KOAc = 




















































































































































Figure 5.11. Signal intensity of PFOS under different PS ionization conditions (a) and the log2 fold change of the 
signal intensity relative to the control conditions (b). (Abbreviations: DCM = 10% dichloromethane in spray 
solvent, ACN = prewashing the paper substrate with acetonitrile, ACN/DCM = both prewash with acetonitrile 
and 10% dichloromethane in spray solvent, LiOAc = lithium acetate, NaOAc = sodium acetate, KOAc = 
















































































































For all three PFAS species, a 2-4-fold signal increase of the [M-H]- ion type is observed 
when the paper substrate is prewashed with ACN along with incorporating 10% (v/v) DCM in 
the spray solvent. Washing the paper prior to sample analysis allows for molecules soluble in 
the organic solvent to be removed. Once the sample is spotted onto the dried paper, less 
background ions are extracted from the paper substrate, which allows for a greater 
accumulation of the extracted analyte in the mass spectrometer and enhances signal-to-noise. 
While more PFAS molecules entering the mass spectrometer is advantageous, operating in 
negative-ion mode lowers the onset for corona discharge leading to instability in the Taylor 
cone. By adding a chlorinated solvent such as DCM into the spray solvent, the onset potential 
for corona discharge increases which allows for the use of higher electrospray voltages. 
Using DCM alone without prewashing the paper with ACN (Figure 5.9 and Figure 5.10 –    
no metal, DCM) is not as advantageous because operating at higher voltages likely 
increases ionization of both background ions and the analyte.  
For PFOA and GenX, the addition of metal cations does not offer any further increase 
in signal intensity compared to prewashing the paper and adding the chlorinated solvent. For 
PFOS, there is nearly a 12-fold increase in signal intensity when cesium chloride (CsCl) is 
spotted onto the paper with sample (Figure 5.11 – cesium, CsCl). An increase in PFOS 
intensity with lithium, sodium, and potassium cations was also observed in Chapter 4, but not 
of the magnitude observed with cesium. Cesium and chloride ions have higher a polarizability 
compared to the smaller alkali metal cations and acetate anion, which can create stronger ion-
dipole interactions with the paper substrate. Since CsCl is less likely to extract into the organic 
spray solvent and more likely stay on the paper, the PFOS can be more readily accessed and 
ionized. Spotting PFOS with CsCl in the sample, prewashing the paper with ACN, and adding 
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DCM into the spray solvent brings the signal intensity back to a 2-3-fold increase. Thus, 
utilizing all three preparative techniques does not offer maximum analyte signal.  
5.5. Summary 
The relative abundance of ion types observed after LC separation is analogous to that 
observed from direct-infusion ESI. There is a decrease in the relative amounts of observed 
sodiated oligomers after the LC separation as sodium cations are likely to elute during the dead 
time of the separation and thus not as readily available for dimerization during electrospray.  
A post-column infusion setup was utilized to examine the effects of introducing alkali 
metal cations after LC separation. Adding sodium metal cations does not have a significant 
impact on the observed ion types for PFHxA and GenX, but the PFOA dimers were not present 
in the mass spectra. Introducing lithium acetate, a weak base, does yield some lithiated 
oligomer species for PFHxA and GenX; however, the analyte signal is still significantly split 
across all other ion types. There are no lithiated species for PFOA when adding lithium acetate 
but the [M-COOH]- ion type does increase in intensity. Infusing lithium hydroxide, a strong 
base, provides a significant increase in lithiated dimer species for PFHxA and GenX with over 
half of the relative abundance of ion types observed as [2M-2H+Li]-, thus introducing LiOH
increases the sensitivity of detecting a single ion type. The presence of lithium hydroxide 
promotes the formation of a lithated dimer for PFOA at the expense of losing signal intensity 
of the [M-COOH]- and as such causes a lower sensitivity of detection.  
DFT calculations support the experimental observation that PFHxA and GenX have a 
higher affinity for lithium cation compared to sodium cation or a proton. Dimer formation is 
likely occurring in the electrospray droplet where the reactants are in close proximity to one 
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another compared to bulk solution, thus the gas-phase calculations offer a close approximation 
to the energy of dimer formation during the electrospray process. 
Signal intensity of PFAS ion types with PS ionization increases when the paper 
substrate is prewashed with acetonitrile along with using 10% (v/v) dichloromethane in the 
spray solvent. Spotting PFHxA or GenX with metal cation does not offer any additional 
increase in signal intensity for the observed ion types. The addition of cesium chloride in the 
spotted analyte solution provides nearly a 12-fold increase in signal intensity of PFOS, thus 
significantly improving sensitivity of detection.  
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CHAPTER 6: UTILIZING DIFFERENTIAL ION MOBILITY-MASS SPECTROMETRY 
FOR IMPROVED IMMUNOPEPTIDE DETECTION 
6.1. Introduction to Detection and Identification of Immunopeptides 
Tumor-specific peptide antigens are promising immunotherapy targets as they are 
presented by the major histocompatibility complex (MHC) and recognized by endogenous T 
cells. Genomics-based approaches, including in silico predictions, are the gold standard for 
developing neoantigen vaccines. Mass spectrometry techniques are then used to confirm the 
presence of these predicted tumor peptide antigens by matching peptide fragment ions obtained 
by tandem mass spectrometry (MS/MS) to databases that contain the relevant peptide sequence 
(e.g. UniProt).1–3  
Typical proteomics experiments use trypsin as the protease to cleave proteins at the C-
terminal of arginine (R) or lysine (K). The presence of these basic residues enhances ionization 
of tryptic peptides in positive ion mode. Liquid chromatography coupled to electrospray 
ionization tandem mass spectrometry (LC-ESI-MS/MS) is commonly used to detect these 
peptides and readily form multiply charged species given the protonation on the N-terminal 
and the protonation of the basic residue on the C-terminal. Fragmentation of these doubly 
charged peptides provides good sequence coverage as peptide fragment ions are observed from 
both the N terminal (b- ions) and the C terminal (y- ions). On the other hand, tumor-specific 
peptide antigens are naturally occurring species that do not necessarily contain a basic residue. 
Immunopeptides have lower ionization efficiency and less comprehensive peptide 
fragmentation compared to the tryptic peptides as the immunopeptides are often detected as a 
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singly protonated species. Fragmentation of the singly protonated species, where the proton is 
on the N terminal, yields mainly b- ions but sequence ions from the C terminal are not observed 
as there is no charge. 4–10  
Available proteomics software (Mascot, SEQUEST, etc.) use a database search 
algorithm to assign peptide sequence to an acquired MS/MS spectrum; however, most search 
algorithms do not yield high match scores between theoretical and acquired mass spectra for 
singly charged peptides as there is incomplete sequence coverage due to the lack of y- ions. 
This drawback presents a unique challenge for identifying immunopeptides as many do not 
contain a R or K residue and as a result about 30% of total identified MHC immunopeptides 
are observed as [M+H]+.11–13 In this work, peptides predicted for two leukemia cell lines, 
histiocytic lymphoma (U937.A2) and myelogenous leukemia (K562.A2), are investigated by 
mass spectrometry using a database of in silico predicted splice variant neoantigens. The 
number of predicted peptides containing a basic residue for each cell line is shown in Figure 
6.1. Over half of the peptides from the U937.A2 cell line and about 75% from the K562.A2 
cell line do not contain a basic residue, thus mass spectrometric methods must continue to 
improve for detecting and sequencing these immunopeptides. 
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The extent of peptide ion fragmentation observed from CID of different parent ion 
types is shown in Figure 6.2. Peptide standards predicted for the K562.A2 cell line were 
introduced individually by direct infusion ESI and screened for singly charged species, [M+H]+ 
and [M+Na]+, and doubly charged species, [M+2H]2+ and [M+H+Na]2+. Sodium is inherently 
present with electrospray samples and results in the formation of sodiated ion types in addition 
to the protonated species.14 Each ion type was isolated and fragmented to understand the 
sequence ions that result from CID of these predicted immunopeptides. The greatest sequence 
coverage is seen in the dissociation of the [M+H+Na]2+ ion type followed by the [M+2H]2+ 
species. This improved sequence coverage from alkali metal cationization has also been 
demonstrated for predicted peptides from the U937.A2 cell line.15  
Dissociation of the [M+H]+ ions yields primarily b- ions, which is expected from the 
dissociation of the protonated peptide backbone. However, fragmentation of amino acid 
Figure 6.1. Distribution of the number of predicted peptides 
containing a basic residue (R, K) for myelogenous leukemia cell line 
(K562.A2, black) and histiocytic lymphoma cell line (U937.A2, red). 




























residues near the N-terminus is rarely observed, leading to ambiguity in sequence 
determination. The fragmentation of the [M+Na]+ species yields a greater amount of y- ions 
compared to the [M+H]+ species. The complementary sequence coverage offered from 
dissociation of the singly charged species has been previously reported. However, this split in 
signal intensity between the different ion types is often disadvantageous since many 
immunopeptides are in low abundance or in a complex matrix that results in a convoluted mass 
spectrum.16 
Figure 6.2. The percentage of peptides predicted for the K562.A2 cell line that dissociated into the sequence ion 
upon CID of the parent ion type. The number inside each box represents the number of peptides that formed the 
sequence ion. The heat map gradient represents the percent of peptides that formed the sequence ions (number of 
peptides that formed the sequence ion : the total number of peptides available to form the sequence ion) 
About 75% of predicted peptides from K562.A2 cell line do not contain a basic residue, 
thus will likely produce ions predominately in the 1+ charge state. Rather than using 
conventional proteomics software that rely on spectral matching of both b- and y- ions, a library 
of the predicted peptide standards can be developed using the instrument vendor software 
(Bruker DataAnalysis LibraryEditor). The software is used to compare MS/MS spectra from 
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real samples to a spectral library of predicted peptide standards obtained using the same 
instrumental conditions. The Fit score (F) indicates how well masses and intensities of the 
library spectrum (assumed to be pure) and acquired spectrum (contains other signals) agree. 
Other masses contained in the acquired spectrum are ignored. This software can be more 
accurate than conventional proteomics software for comparing MS/MS spectra obtained from 
1+ charge state peptides under same mass analysis parameters. An acquired MS/MS spectrum 
identified with a score of >700 is a good match to the standard MS/MS spectrum with the 
maximum score of 1000. An example comparing the [M+H]+ MS/MS spectra obtained for 
peptides eluted from the K562.A2 sample to the peptide standard library is shown in Figure 
6.3. The high Fit scores indicated a good match between the two spectra and the observed 
product ions were consistent with expected peptide dissociations, thus several peptides were 
successfully identified in the cell sample using the spectral library. 
Figure 6.3 MS/MS spectra of the MHC-bound peptides eluted from the K562.A2 cell line (a) and the matching 
peptide standards that were predicted as splice variants neoantigens (b). The Fit (F) score was assigned for each 
MS/MS spectral matching by the Bruker DataAnalysis Library Editor and is shown in green. 
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6.2. DIMS for Improved Immunopeptide Detection 
As discussed earlier, the improvement in sequence coverage from alkali metal 
cationization comes at the expense of the analyte signal split across multiple peaks. Coupling 
differential ion mobility spectrometry (DIMS) to mass spectrometry can mitigate the decrease 
in signal intensity. DIMS separations operate at ambient pressures with two parallel electrodes 
positioned on the inlet capillary. The separation exploits the ion mobilities differences in an 
alternating high electric field and a low electric field. Ions that do not have a zero-net 
displacement when traversing through the electric fields are neutralized against the electrode 
and are not detected. By applying a dc compensation voltage (CV) to one of the electrodes, 
ions with different mobilities are transmitted into the mass spectrometer at specific 
compensation fields (EC). Given that the separation is not time dependent, DIMS can be 
coupled to any mass analyzer. The separation offers significant improvements in signal-to-
noise through mobility filtering of interfering ions. Additionally, when coupling DIMS to 
trapping mass analyzers, the analyte signal is increased through targeted accumulation of 
specific mobilities. Although DIMS does not offer any direct improvement in sequence 
coverage, the enhanced signal intensity enables greater measurement of less abundant 
peptides.17–19  
An important feature that DIMS offers is the separation of peptide charge states at 
different compensation fields, which can been utilized to selectively transmit the target ion 
type and obtain the relevant sequence information through CID.20,21 The DIMS separation of 
the predicted peptide standards from the K562.A2 cell line is shown in Figure 6.4. Two 
dispersion fields (ED) were examined to determine the extent of separation at different peak 
amplitudes of the applied asymmetric waveform. At an ED of 24 kV/cm, there is a distinct 
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separation between the singly charged and doubly charged peptides. The singly charged 
species all have a maximum transmission between the EC values of 25 – 75 V/cm, while the 
doubly charged species transmit between 75 – 170 V/cm. At the higher ED of 38 kV/cm, the 
range of separation between the singly charged species significantly increases (132 – 250 
V/cm) but the doubly charged species are no longer observed. At higher dispersion fields, the 
ions undergo a greater magnitude of oscillations within the effective gap of the electrodes. 
Given that the separation is occurring in a limited gap space, there is a decrease in transmission 
of the higher mobility ions as they are not able to maintain a stable trajectory given the electric 
field conditions.22 
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Figure 6.4. Compensation field (EC) scan of predicted peptide standards from K562.A2 cell line with a dispersion 
field (ED) of 24 kV/cm (a) and 38 kV/cm (b).  
ED = 24 kV/cm 




In DIMS separations, the applied compensation voltage is not limited to linear ramps. 
By setting a static CV, the targeted ion type can continuously transmit under constant 
separation conditions to improve analyte selectivity. This advantage was utilized for detecting 
and identifying peptides eluted from the K562.A2 cell line. The peptide FLYMDYLGLI was 
observed in the cell samples as the [M+H]+ species (m/z 1247.8) when tuned to transmit singly 
charged species, and observed as the [M+H+Na]2+ species (m/z 635.3) when tuned to transmit 
doubly charged species (Figure 6.5a). The ED was set to 24 kV/cm and parked at a static CV 
of 2.0 V (EC = 67 V/cm) for transmitting singly charged species and a static CV of 4.2 V   
(EC = 140 V/cm) for transmitting doubly charged species. The analyte signal is observed in 
low abundance when directly infusing the peptide sample without an applied waveform 
(DIMS transparent), but the ion types become the base peak in the mass spectrum while 
parked at the relevant compensation voltages. The improvement in signal-to-noise of 
the analyte significantly simplifies the assignment of unique peptide species and yields 
unambiguous MS/MS spectra given the high abundance of the parent ion.    
 The Bruker DataAnalysis LibraryEditor software gave a fit score of 945 for matching 
the MS/MS spectra of the [M+H]+ species, but a 746 fit score for matching the MS/MS 
spectra of the [M+H+Na]2+ species (Figure 6.5b). This lower score stemmed from the fact 
that m/z 525.2 and m/z 581.3 were present in the MS/MS spectra from the predicted peptide 
standard but did not correspond to any peptide product ions suggesting there may be 
interfering ions at the same parent ion mass-to-charge that resulted in extraneous product ions. 
Another score that the software provides when matching spectral library is a R(everse)Fit (R) 
score. The R score indicates how well masses and intensities of the library spectrum (contains 
other signals) and acquired spectrum (assumed to be pure) agree. Other masses contained in
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the acquired spectrum are ignored. The R score gave a match of 984, meaning that the      
MS/MS spectrum of the parent ion acquired from the cell sample contains the pure peptide 
and the standard had some impurities or interfering ions.  
 
 
Figure 6.5. Full scan mass spectra of K562.A2 cell sample with and without applied DIMS dispersion field (a). 
Singly charged species were transmitted at EC = 67 V/cm and doubly charged species were transmitted at        
EC = 140 V/cm. The Fit (F) score and R(everse) Fit (R) scores are shown in green.The MS/MS spectra for the 
[M+H]+ and [M+H+Na]+ species transmitted at their respective compensation fields were compared to the 
corresponding MS/MS spectra of the peptide standard FLYMDYLGLI (b).  
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6.3. Effects of Solvent Modifiers on DIMS Separation 
 As discussed in Section 6.1, alkali metal cationization improves sequence coverage of 
immunopeptides that lack a basic residue at the cost of signal splitting. Section 6.2 provided 
an example of DIMS improving the signal-to-noise ratio of doubly charged species by filtering 
out interfering ions prior to mass analysis, but the distinction between isobaric species has not 
yet been discussed. As metal cations such as sodium and potassium are inherently present in 
solution, formation of [M+H+metal]2+ ions convolute the mass spectrum by splitting peptide 
signal and generating multiple isobaric species. Table 6.1 lists fifteen peptides predicted for 
the U937.A2 cell line that do not contain basic residues with some species having the potential 
to exist as isobars in a solution when metal cationized. Distinguishing isobars by tandem mass 
spectrometry is limited as the resolving power in parent ion selection is insufficient to allow 
MS/MS of only one species. Solvent modifiers doped into the carrier gas during DIMS 
separations can enhance separation of isobaric species by changing their ion mobilities.  
Introducing solvent modifiers (dopants) into the nitrogen carrier gas can dramatically 
increase the DIMS separation based on the ion-molecule interactions that occur during 
transmission.23,24 The extent of change in ion mobility is dependent on the number density of 
the solvent modifier in the carrier gas as well as the chemical properties of ion and the dopant 
molecules that dictate the degree of interaction. This mechanism of DIMS separation with 
solvent modifiers is understood to follow a clustering-declustering model (Figure 6.6).25,26 
During the low electric field portions of the waveform, the neutral solvent molecules cluster 
around the ion. In the high electric field, higher energy collisions with the carrier gas break the 
ion-molecule interactions causing the solvent molecules to decluster.  
 
116 
Table 6.1. Peptide sample ID, corresponding sequence, and m/z values for doubly charged peptides predicted 
for U937.A2 cell line. The m/z values for isobaric species are color coded. 
Figure 6.6. Mechanism of DIMS separation in the presence of solvent modifiers following the clustering-
declustering model. In the low field portions of the waveform, solvent molecules (purple) cluster around the ion 
(blue) through ion-molecule interactions. In the high field portions of the waveform, the solvent molecules 
decluster as the ion-molecule interactions are broken with higher energy collisions. The purple arrow shows the 
flow of carrier gas towards the mass spectrometer inlet. 
Sample ID Sequence 
Mass-to-Charge (m/z) Values 
[M+2H]2+ [M+H+Na]2+ [M+H+K]2+ 
A01 NVSWSSAPV 473.7 484.7 492.7 
A02 TLGDSGSPL 423.7 434.7 442.7 
A04 HLWIGAPAA 468.3 479.3 487.3 
A06 DLLELLVPV 505.8 516.8 524.8 
A07 QMSQVISAV 481.7 492.7 500.7 
A10 ILGITSLPL 463.8 474.8 482.8 
A11 ILVAAIVFI 479.8 490.8 498.8 
B02 ATGTLFWMV 513.3 524.3 532.3 
B05 GTLFWMVTV 527.3 538.3 546.3 
B06 TLFWMVTVT 549.3 560.3 568.3 
B08 LLNTEVHTA 499.3 510.3 518.3 
B11 NLMHISYEA 539.3 550.3 558.3 
B12 VTDQIPVFV 509.3 520.3 528.3 
C01 YVVTDQIPV 517.3 528.3 536.3 
C02 TIVEGILEV 486.8 497.8 505.8 
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Plots in Figure 6.7 illustrate how the compensation fields for maximum transmission 
of ion types shift with varying percentages of isopropyl alcohol (IPA) doped into carrier gas at 
a constant ED (24 kV/cm). The amount of IPA was increased as a percentage relative to the 
nitrogen carrier gas. The dotted lines connect the same peptide across the different percent 
modifiers and is used to visualize the change in maximum compensation field transmission; 
the lines do not equate to a best fit. It is observed that the [M+2H]2+ species and [M+H+Na]2+
have the greatest separation from each other at 0.5% IPA and the [M+H+K]2+ species have 
greatest separation at 0.4% IPA. Additionally, the three peptide species separate into groups 
based on ion types at 0.4% IPA: [M+2H]2+ from 50-100 V/cm, [M+H+Na]2+ from 250-400 
V/cm, and [M+H+K]2+ from 200-250 V/cm.  
The shift in EC for the different ion types can be rationalized by the types of amino acid 
residues present. Three of the peptides contain a histidine residue (H) where the imidazole side 
chain has a pKa value ranging from 5.5–6.5.27 Additionally, thirteen out of the fifteen peptides 
contain at least one polar side chain: serine (S), threonine (T), asparagine (N), and glutamine 
(Q). These amino acid residues are likely to interact with the polar IPA solvent molecule, thus 
causing a shift in the observed ion mobility.  
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Figure 6.7. Compensation field (V/cm) for 
maximum transmission of doubly charged 
peptide species predicted for the U937.A2 cell 
line at a given percent IPA doped into the 
nitrogen carrier gas at a constant ED of 24 
kV/cm. The percent IPA that provided the 
greatest separation within the ion type is 
highlighted in yellow.  
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Doping in other solvent modifiers, including n-butanol, tert-butanol, and acetonitrile 
(ACN), were examined to understand their impact on DIMS separations of immunopeptides 
(Figure 6.8). The addition of n-butanol and tert-butanol results in a maximum separation of all 
fifteen peptides at 0.2% modifier for the [M+2H]2+ species and the [M+H+Na]2+ species. The 
peptides did continue to further separate at the higher modifier percentages, but the signal 
intensity either decreased significantly or the analyte was no longer detected for several doubly 
charged species. For example, looking at the [M+2H]2+ species, A02 was no longer transmitted 
when both butanol solvent modifiers were added at 0.3% or higher. This observation is 
analogous to using higher dispersion fields for DIMS separations with no solvent modifiers. 
With an increase in mobility, there is a greater loss of ions neutralized at the electrode surface 
and thus are not detected by the mass spectrometer. Using ACN as the solvent modifier at 0.3% 
results in the greatest separation of peptides. Both ACN and IPA have a significant impact on 
the separation of the [M+H+Na]2+ species, which is of interest for detection of alkali metal 
cationized immunopeptides, but the use of 0.5% IPA causes the largest change in EC 
distribution. The use n-butanol and tert-butanol have less impact on the DIMS separation as 
both butanol solvents are less polar than ACN and IPA and as such do not exhibit as strong 
ion-molecule interactions.   
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Figure 6.8. Compensation field (V/cm) for maximum transmission of 
doubly charged peptide species predicted for the U937.A2 cell line at a given 
percent n-butanol (a), tert-butanol (b), and ACN (c) doped into the nitrogen 
carrier gas at a constant ED of 24 kV/cm. The percent IPA that provided the 
greatest separation within the ion type is highlighted in yellow.  
121 
As IPA provided the greatest impact on immunopeptide DIMS separation, the 
compensation field transmission of isobaric species was also examined (Figure 6.9). Each box 
represents a set of isobaric species present. The ion types are color coded, where blue dots 
represent [M+2H]2+ species, orange dots represent [M+H+Na]2+ species, and green dots 
represent [M+H+K]2+ species. Most isobars have overlapping peaks when IPA is not doped in 
for the DIMS separation. When 0.4% IPA is doped into the carrier gas, the species are 
separated at distinct compensation fields based on ion types. Most isobaric species are 
separated at distinct compensation fields when 0.4% IPA is doped in with the exception of 
[M+H+Na]2+ for A07 and [M+H+K]2+ for A01. At 0.5% IPA doped into the carrier gas, all 
isobaric species present in solution are separated at distinct compensation fields. The 
orthogonality provided by coupling DIMS with mass spectrometry allows for separation and 
differentiation of various isobaric doubly charged species for immunopeptides. 
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Figure 6.9. Compensation field (V/cm) 
for maximum transmission of doubly 
charged isobaric peptide species predicted 
for the U937.A2 cell line at a given percent 
IPA doped into the nitrogen carrier gas at 
a constant ED of 24 kV/cm. Each box 
represents a set of isobaric species present. 
The ion types are color coded, where blue 
dots represent [M+2H]2+ ions, orange dots 
represent [M+H+Na]2+ ions, and green 
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The sequence coverage for immunopeptides that lack basic residues is improved when 
alkali metal cations are present to form [M+H+metal]2+ species, but at the expense of the 
analyte signal split across singly and doubly charged peaks. Coupling DIMS to mass 
spectrometry separates the singly charged and doubly charged peptide species into two distinct 
compensation field regions, allowing for selective transmission of ion types and enhancing the 
signal-to-noise for peptides eluted from cell samples. This improvement leads to a higher 
intensity of the isolated parent ion while filtering out interfering ions, thus minimizing 
ambiguity in sequence determination upon CID.  The addition of solvent modifiers to the 
nitrogen carrier gas provides a further increase in separation for the doubly charged species, 
with IPA yielding the greatest range of compensation field transmission. Doubly charged 
species are separated by ion type when 0.4% IPA is doped into the carrier gas. Comparing all 
of the solvent modifiers and relative percentages examined in this work, adding 0.5% 
IPA provides the maximum separation for peptides. The effects of other solvent modifiers 
(i.e.  n-butanol, tert-butanol, and ACN) were tested but did not have as large of an impact 
on the maximum EC transmission compared to IPA across the different modifier 
percentages. Different isobaric species may exist with metal cations present in cell sample, 
but the isobaric sets transmit at discrete, nonoverlapping compensation fields with 0.5% 
IPA doped into the carrier gas.  
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CHAPTER 7: SUMMARY AND FUTURE DIRECTIONS 
7.1. General Summary 
The work presented in this dissertation has focused on improving analyte detection by 
coupling ambient ionization and separation techniques to mass spectrometry. An in-situ 
derivatization method has been developed and characterized, discussed in Chapter 3, where 
Girard’s reagents react with carbonyl compounds present in e-cigarette liquids (e-liquids) 
during the nano-electrospray ionization (nESI) process. In-situ derivatization of these small 
carbonyls provides sensitive and rapid analysis of commonly added flavorings in e-liquids that 
have known inhalation toxicity, with improved signal-to-noise ratios between 2.5 to 25 times 
greater than direct infusion nESI. The nESI derivatization method has been statistically 
validated for quantification of carbonyls in e-liquids through parallel analyses of the e-liquids 
with gas-chromatography-mass spectrometry (GC-MS). No proportional or systematic 
differences are found between the two methods for quantification, demonstrating that in-situ 
derivatization through nESI-MS can accurately and rapidly measure concentrations of 
carbonyls in e-liquids. The derivatization reaction in the microdroplet was determined to be 
four orders of magnitude faster compared to the bulk solution.  
The application of paper spray (PS) ionization for the analysis of poly- and 
perfluoroalkyl substances (PFAS) is examined in Chapter 4 as a technique to provide a 
cheaper and faster alternative to traditional liquid-chromatography electrospray ionization 
mass spectrometry (LC-ESI-MS) methods. Over 90% of all PFAS signal is observed as 
monomer species when using PS ionization and minimal signal splitting is observed across 
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different PFAS ion types compared to ESI and nESI. With PS ionization, introducing an alkali 
metal cation into the PFAS solution prior to spotting on the paper substrate provides an increase 
in signal intensity. This observation is hypothesized to occur because of the strong interactions 
that can exist between the polar cellulose polymer and the ionic salts. This interaction decreases 
the probability of the hydrophobic PFAS molecule to trap within the pores of the paper and 
increases the likelihood that the analyte will extract into the organic spray solvent. The effects 
of adding alkali metal cations for PFAS analysis by PS ionization are further explored using a 
commercial PS source in Chapter 5. Changes in signal intensity are also evaluated when the 
paper substrate is prewashed with acetonitrile (ACN) prior to loading the sample, and/or when 
dichloromethane (DCM) is added to the spray solvent. All three variables were tested 
individually and in conjunction with one another to determine optimal PS conditions for PFAS 
analysis. Prewashing the paper substrate with ACN, followed by loading the sample, and then 
ionizing with 10% (v/v) DCM in the spray solvent provides a 2- to 3-fold increase in PFAS 
signal intensity. The presence of metal cations did not supplement this signal increase for 
PFOA and GenX. The single variable of spotting PFOS with cesium chloride (CsCl) onto the 
paper substrate gave a 12-fold increase in signal intensity compared to the control conditions. 
In Chapter 4, the signal intensity observed for GenX by ESI is significantly improved 
when lithiated oligomer species are generated. When an organic base is present in the ESI 
solution for GenX, the signal intensity of the [M-H]-, [M-COOH]-, [2M-H]- all increase up to 
10-fold while the sodiated oligomer species all decrease in intensity. This enhancement in
signal intensity is exploited in Chapter 5, where lithium hydroxide (LiOH) is introduced 
through a post-column infusion setup to generate lithiated species in a basic environment. The 
infusion yields a high abundance of lithiated dimers that accounts for at least half of the analyte 
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signal for PFHxA and GenX. Implementing a post-column infusion setup to generate lithiated 
ion types prior to mass analysis can significantly improve the sensitivity of detection.  
Previous work has demonstrated the advantages of using DIMS-MS/MS for targeted 
identification of tumor-specific peptide antigens.1,2 The work in Chapter 6 describes the 
improvements DIMS offers on signal-to-noise of low abundant peptides eluted from leukemia 
cell line samples and the ability to distinguish isobaric species when using solvent modifiers 
during DIMS separation. The presence of adventitious alkali metal cations generates doubly 
charged species of [M+H+metal]2+, which undergo more comprehensive dissociation to 
provide better sequence coverage of the peptides presented by the MHC complex.3 The 
enhancement in sequence coverage comes at the expense of sensitivity, where the analyte 
signal is split across multiple peaks in the mass spectrum and multiple peptides can exist as 
isobaric species across the different ion types. DIMS readily separates singly and doubly 
charged species into two distinct compensation field regions. A constant transmission of ion 
type to the mass spectrometer allows for the specific charged species to be detected with less 
interferents, thus improving the signal-to-noise. Introducing polar solvent modifiers, such as 
isopropyl alcohol (IPA), into the nitrogen carrier enhances the separation of isobaric species 
that form in the presence of sodium and potassium cations.  
7.2. Improving Detection of Other E-liquid Additives for Targeted Analysis 
In addition to small carbonyl compound flavorings, other common food additives found 
in e-liquids include alcohols (e.g. ethyl maltol, benzyl alcohol) and esters (e.g. ethyl cinnamate, 
triacetin).4–7 In the last year, the FDA has established a preliminary policy to ban flavorings 
added to e-liquids that target adolescents.8 Once these policies are enforced, vendors may still 
be able to circumvent this federal restriction by labelling certain products as “essential oils” or 
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providing flavorings separate from the e-liquid base that users can manually add. Within the 
last few years, tetrahydrocannabinol (THC)-related additives such as vitamin E acetate and 
medium-chain triglycerides (MCT) oils have rapidly emerged and are responsible for an 
increased prevalence of acute lung toxicity.9,10  
Two derivatizing reagents that target alcohol and phenol functional groups are 2-fluoro-
N-methylpyridinium p-toluenesulfonate (FMPTS) and sulfur trioxide dimethylformamide
complex (SO3-DMF) (Figure 7.1). The derivatized analytes contain a permanent charge for 
improved sensitivity of detection by mass spectrometry. When derivatizing with FMPTS, the 
oxygen from the hydroxyl on the analyte undergoes a nucleophilic substitution with the 
fluorine on the N-methylpyridinium cation which provides the analyte a permanent positive 
charge that can be readily detected by (+) ESI-MS. With SO3-DMF, the hydroxyl group 
becomes sulfonated to yield a permanent negative charge that can be detected with (-) ESI-
MS. Both derivatization reactions have been utilized in the literature using the traditional 
workflow of bulk derivatization followed by separation and detection by LC-ESI-MS.11–16 
Developing and characterizing in-situ derivatization reactions with FMPTS and SO3-DMF 
would allow for sensitive and rapid analysis of emerging and existing e-liquid additives that 
contain hydroxyl functional groups. 
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Figure 7.1. Derivatization of hydroxyl functional groups with (a) 2-fluoro-N-methylpyridinium  
p-toluenesulfonate (FMPTS) and (b) sulfur trioxide DMF complex (SO3-DMF). 
Derivatization reactions improve ionization efficiencies and sensitivity of analyte 
detection for molecules that are not be readily detected by mass spectrometry. Molecules that 
ionize readily typically do not benefit from derivatization but can benefit from selective 
transmission using DIMS to improve signal-to-noise. Triglycerides (TG), which would be a 
target for MCT oil additives, are ammoniated to promote ionization with ESI as they do not 
readily protonate or deprotonate. Other fatty acid species are becoming more prevalent in e-
liquids that often stem from the addition of cannabidiol (CBD) in oils. The presence of other 
lipids and hydrophobic species can significantly convolute the obtained mass spectrum as the 
analyte signal is split between protonated, ammoniated, and sodiated peaks along with the 
added complexity of forming homodimers and heterodimers. Previous work has demonstrated 
the advantages of using DIMS-MS with solvent modifiers to separate lipid species for 
































of DIMS-MS for analysis of oils in e-liquids can elucidate various additives that are 
responsible for inducing “lipoid pneumonia”.9,10,17  
7.3. Improving PS Ionization for Targeted PFAS Analysis 
7.3.1. Optimal Paper Substrate for Analysis of PFAS Samples from Complex Matrices 
Commercially available paper substrates vary in parameters including material type, 
thickness, and porosity. Most filter paper and chromatography paper are made from cellulose, 
but other alternatives are available, such as glass microfibers. Differences in pore diameter and 
paper thickness will affect solvent flow rate as it travels through the paper, which in turn will 
affect both ionization efficiency and recovery of analyte.18 Analysis from real water samples 
would be improved when utilizing a paper substrate that has an optimal pore size, such that 
larger contaminants and sedimentation would be trapped in the pores and the smaller PFAS 
analytes selectively elute. Different commercially available paper substrates such as printing 
paper with different coatings, filter paper, and chromatography paper should be further 
explored. Substrates used for thin-layer chromatography (TLC) can also be examined with the 
idea that TLC can provide orthogonal separation prior to analysis by PS-MS. For a complex 
mixture spotted onto a TLC plate, components from the sample will separate based on their 
affinity for the solvent system used. Each component can then be concentrated on a particular 
spot on the TLC plate and a sharp tip can be cut at each spot to perform PS ionization directly 
from the separated TLC plate.19   
7.3.2. Functionalization of Paper Substrate for Targeted Analysis 
As most paper substrates are comprised of cellulose, polar compounds will have a 
strong affinity for binding to the paper. However, for a given PFAS compound, the 
fluorocarbon chain will exhibit hydrophobic properties while the attached functional group 
will typically be polar and hydrophilic. Polymers specifically designed to target PFAS 
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molecules are currently being developed as a way to remove these compounds from the 
environment.20 These synthesized polymers can be used to coat the paper substrate before the 
sample is loaded to give a pre-concentrating effect of PFAS molecules on the substrate surface. 
The polymer-coated paper would then be washed to minimize any non-specific binding, 
followed by PS ionization with an optimized solvent composition to allow the analyte to desorb 
off the polymer surface and ionize for mass analysis.   
7.4. Continuing to Advance DIMS Methods for Improved Immunopeptide Detection 
7.4.1. Solvent Modifiers for K562.A2 Peptides 
The advantages of doping in solvent modifiers into the nitrogen carrier gas for DIMS 
separations were discussed in Chapter 6. Peptide standards predicted for U937.A2 cells can 
exist as isobaric species between [M+2H]2+ and [M+H+metal]2+ species, where the metals are 
either sodium or potassium. These species transmit at distinct, nonoverlapping compensation 
fields with 0.5% isopropyl alcohol (IPA) doped into the carrier gas. Table 7.1 contains a list 
of peptides predicted for the K562.A2 cell line. Preliminary DIMS experiments with IPA or 
ACN doped into the carrier gas for separation of peptide standards predicted for the K562.A2 
cell lines is shown in Figure 7.2. 
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Table 7.1. Peptide sample ID, corresponding sequence, and m/z values for doubly charged peptides predicted 
for K562.A2 cell line.  
Sample ID Sequence Mass-to-Charge (m/z) Values [M+2H]2+ [M+H+Na]2+ 
a01 FLYMDYLGLI 624.4 635.4 
a02 FLYMDYLGL 567.9 578.9 
a03 FLTFHLHQA 557.4 568.4 
a04 FVLLLSAPV 479.9 490.0 
a07 FVLLLSAPVV 529.4 540.4 
a08 KLRKVCALPTV 614.5 625.5 
a09 GVIMCFVDEV 556.4 567.4 
a10 FMSIADGPHPA 571.9 582.9 
a11 KMTLWEAFSL 613.4 624.4 
a12 NYLQALNISL 574.9 585.9 
b01 KLKMTLWEA 560.4 571.4 
b02 VLLLSAPVV  455.9 466.9 
b03 FHLHQAGHFV  596.9 607.9 
b04 LLLSAPVVI  462.8 473.8 
b05 FPMHVFPTRV  615.9 626.9 
b06 FTVPGMRMWPA 646.9 657.9 
b07 ILFNSTGDTV 533.8 544.8 
b09 FTVKVVQEV 524.8 535.8 
b10 YQAYILQKNV 620.4 631.4 
b11 AFLYMDYLGL 603.3 614.3 
b12 LLSAPVVIIL 519.4 530.4 
c01 YLFERIKAF 593.8 604.8 
c03 MTLWEAFSL 549.3 560.3 
c04 ILFNSTGDTVV 583.3 594.3 
c05 FVLLLSAPVVI 585.9 596.9 
c06 GLDQDWETV 531.8 542.8 
c07 LLNLEGGASL 493.8 504.8 
c08 AGVIMCFVDEV 591.8 602.8 
c09 KLQKNCLLSL 580.4 591.4 
c10 LLLSAPVVII 519.4 530.4 
c12 IFVLLLSAPV 536.4 547.4 
d01 VLYLAQARGV 545.3 556.3 
d02 YLFERIKA 520.3 531.3 
d03 HLHQAGHFV 523.3 534.3 
d04 YLIFAKNVFLG 642.9 653.9 
d06 VLFVIFNSLQV 639.9 650.9 
d07 YMDYLGLITS 588.3 599.3 
d09 ILVVAGSVYQI 581.4 592.4 






Figure 7.2. Compensation field (V/cm) for maximum transmission of doubly charged peptide species predicted
for the K562.A2 cell line at a given percent IPA (a), and ACN (b) doped into the nitrogen carrier gas at a constant 
ED of 24 kV/cm. Each circle represents a single peptide, and the dotted lines connect the same peptide across the 
different percent modifiers. 


















































































































































































































































































































































































































The addition of both IPA and ACN causes a significant increase in separation of the 
[M+H+Na]2+ species, but the impact on the [M+2H]2+ is not as prominent. ACN doped into 
the carrier gas at 0.5% yields the largest range of compensation field transmission of the 
[M+H+Na]2+ species, suggesting that the less polar solvent modifiers may be more beneficial 
for separation. Different percentages of both solvent modifiers need to be further explored to 
determine the optimal conditions for separation of isomeric and isobaric species. The effects 
of less polar solvents such as n-butanol and tert-butanol should also be examined. The 
predicted peptides from the K562.A2 cell line have a higher frequency of nonpolar amino acid 
residues compared to the U937.A2 cell line and as such the less polar solvents may have a 
greater interaction with the peptides to impact the ion mobility and increase the spread of 
maximum compensation field transmission.  
7.4.2. DIMS with Negative Ion Mode ESI for Identifying Peptides with Acidic Residues 
In comparison to the numerous studies that have utilized mass spectrometry for 
identification of protonated peptide species, mass spectrometry of deprotonated peptides is 
much less common. Fragmentation of deprotonated peptides can often provide complementary 
sequencing information to positive ion fragmentation spectra.21–23 In the case of tumor-specific 
peptide antigens, half of the predicted peptide sequences for the K562.A2 cell line contain at 
least one acidic residue (Figure 7.3). Of these 24 predicted peptides that contain at least one 
acidic residue, 15 peptides do not have a basic residue in its sequence, which implies that some 
peptides may be missed entirely when screening only for positive ions as these acidic residue-
containing peptides will have a higher ionization efficiency with (-)-ESI-MS.   
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The mass spectra obtained for a K562.A2 cell sample in negative ion mode with and 
without DIMS separation is shown in Figure 7.4a. Compared to the mass spectra collected for 
the same sample in positive ion mode (Figure 6.5), there are fewer background ions observed 
with negative ion mode. At a dispersion field of 24 kV/cm, the singly and doubly deprotonated 
species can be selectively transmitted at 50 V/cm and 17 V/cm, respectively. The signal-to-
noise ratio for the singly deprotonated species does not show much improvement with DIMS, 
but the signal-to-noise is enhanced for the doubly deprotonated species as fewer background 
ions are transmitted at the compensation field. Looking at the fragmentation of the singly 
charged species, [M-H]- and [2M-2H+Na]-, and the doubly charged species [2M-2H]2- for the 
peptide standard FLYMDYLGLI, minimal sequence ions are observed upon CID of the 
negatively charged species with the majority having a neutral loss of H2O. However, the 

























Figure 7.3. Distribution of the number of predicted peptides containing an acidic residue (D, E) for 
myelogenous leukemia cell line (K562.A2, black) and histiocytic lymphoma cell line (U937.A2, red). 
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formation of c- ions originating from the cleavage at the N-C1 bond is more commonly 
observed with negative ions, which can provide complementary sequence information.22  
Figure 7.4. (a) Full scan mass spectra of K562.A2 cell sample in negative ion mode with and without applied 
DIMS dispersion field. Singly charged species were transmitted at EC = 50 V/cm and doubly charged species 
were transmitted at EC = 17 V/cm.(b) The MS/MS spectra of [M-H]-, [M-2H+Na]-, and [M-2H]2- ion types for 




As described in Chapter 6, a MS/MS spectral library can be generated for the peptide 
standards obtained through negative ion mode. The MS/MS spectrum obtained for a peptide 
eluted from the cell sample is compared to the library of MS/MS spectra for the peptide 
standards and a Fit (F) score is assigned (maximum 1000). The peptide ion types detected in 
the K562.A2 samples using (+/-) ESI-DIMS-MS/MS along with their assigned F scores are 
shown in Table 7.2. A total of eight peptides were identified from the first cell sample with 
high Fit scores, but the second and third cell samples were contaminated with polyethylene 
glycol (PEG) and as such no peptides were observed. For sample 4, A01 was identified in both 
positive and negative ion mode. Peptides C11 in sample 4 and C03 in sample 5 had high F 
scores in negative ion mode, both of which had been identified in sample 1 using positive ion 
mode.  
The orthogonality in measurements of peptides by positive and negative mode 
electrospray ionization coupled to DIMS-MS/MS has great potential for improving detection 
and identification of tumor-specific peptide antigens. DIMS separation conditions in negative 
ion mode still require further optimization as different dispersion fields, carrier gas 
temperatures, and solvent modifiers have not been explored.  
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Table 7.2. A list of peptide ions that were detected from six K562.A2 cell samples by (+/-) ESI-DIMS-MS/MS. 
A Fit (F) score was assigned for each MS/MS spectral matching by the Bruker DataAnalysis Library Editor 
(maximum score of 1000).  
* R(everse) Fit (R) score was used for spectral matching as the MS/MS spectrum from the peptide standard had
interfering ions that did not correspond to any sequence fragments
K562.A2 
Sample 
(+) ESI (-) ESI 
Peptide Ion F Score Peptide Ion F Score 
1 
C02  [M+H]+ 892 
N/A N/A 
A02 [M+H]+ 948 
C03 [M+H]+ 872 
C08 [M+H]+ 872 
D12 [M+H]+ 911 
A01 [M+H]+ 868 
C11 [M+H]+ 990 
D10 [M+H]+ 963 
2 PEG Contamination N/A N/A N/A 
3 PEG Contamination N/A N/A N/A 
4 
A01 [M+H]+ F: 945 
A01 [M-2H]2- 998 
A01 [M-2H+Na]- 1000 
A01 [M+H+Na]2+ *R: 984
A01 [M-H]- 992 
C11 [M-2H+Na]- 985 
5 Not Observed N/A 
B01 [M-H]- 924 
C03 [M-2H+Na]- 989 
6 Not Observed N/A A05 [M-2H]2- 931 
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7.4.3. DIMS as a Constant Ion Filter 
As seen in Table 7.2, two of the six cell samples had a significant PEG contamination 
resulting in no peptides identified. C18 ZipTips have been used for sample cleanup of the cell 
samples prior to mass analysis, but in the case of the PEG contamination, the ZipTip removes 
the PEG along with any peptides in the pertinent mass-to-charge region (Figure 7.5). The 
source of PEG likely stems from the final filtration step done to purify the immunoprecipitated 
sample using a 10 kDa filter. Given that DIMS separations are done in space and not in time, 
applying a static compensation field can selectively transmit a constant beam of analyte ions 
while filtering out interferents that do not have the correct differential mobility. It is 
hypothesized that skipping the size filtration step should not be detrimental to immunopeptide 
detection at higher dispersion fields as the flux of interferences is significantly reduced with 
DIMS at larger ED. The decrease in analyte transmission that often results from higher 
dispersion fields can be offset by increasing the ion accumulation in trapping mass analyzers. 
Using DIMS in lieu of size filtration can potentially increase the abundance of eluted peptides 
as analytes will not be lost passing through membrane. 
Figure 7.5. Full scan mass spectra of K562.A2 cell sample with a polyethylene glycol (PEG) contamination and 
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